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ENVIRONMENTAL  EFFECTS  ON  THE  INCUBATION  TIME 
CHARACTERISTICS  IN  STRESS-CORROSION  CRACKING 


SUMMARY 

The  objectives  of  the  research  are  to  (i)  explore  the  incubation  time  characteristics  in 
stress-corrosion  cracking  with  the  influence  of  the  anodic  dissolution  cracking  and 
hydrogen  assisted  cracking  in  different  environments  and  at  various  applied  stresses, 
and,  (ii)  quantify  the  incubation  time  with  respect  to  the  driving  force  considering  the 
environmental  effect. 

Extensive  stress  corrosion  cracking  (SCC)  experiments  were  conducted  on  7075- 
T651  aluminum  alloy  and  the  high  strength  martensitic  steel  AISI  4340  (yield  stress  = 
1503  MPa)  in  sodium  chloride  (NaCI)  aqueous  solutions  of  different  concentrations. 
The  experiments  on  AISI  4340  were  conducted  under  the  controls  of  constant  load, 
constant  crack  opening  displacement  (COD),  constant  loading  rate,  and  constant  COD 
rate.  Despite  the  differences  in  controlling  conditions,  the  experiments  yielded  similar 
results  for  the  threshold  stress  intensity  factor  and  the  plateau  velocity  in  the  3.5  wt% 
NaCI  solution.  Dependence  of  the  plateau  velocity  on  the  NaCI  concentration  was 
observed,  while  the  values  of  the  threshold  stress  intensity  factors  appear  to  be 
independent  of  the  NaCI  concentration  in  distilled  water.  Stress  corrosion  cracking  was 
observed  in  silicone  oil  and  in  paraffin  and  the  general  cracking  phenomenon  was 
similar  to  that  occurred  in  water  and  NaCI  solution  but  at  a  much  lower  velocity. 

SCC  experiments  on  7075-T651  aluminum  alloy  were  conducted  in  a  chromate- 
inhibited,  acidic  3.5%  NaCI  aqueous  solution  using  compact  tension  specimens  with  a 
thickness  of  3.8mm  under  permanent  immersion  conditions.  The  effects  of  loading 
magnitude,  overload,  underload,  and  two-step  high-low  sequence  loading  on  incubation 
time  and  crack  growth  behavior  were  investigated.  The  results  show  that  the  SCC 
process  consists  of  three  stages:  incubation,  transient  crack  growth,  and  stable  crack 
growth.  The  incubation  time  is  highly  dependent  on  the  load  level.  Tensile  overload  or 
compressive  underload  applied  prior  to  SCC  significantly  altered  the  initiation  time  of 
corrosion  cracking.  Transition  from  a  high  to  a  low  loading  magnitude  resulted  in  a 
second  incubation  but  much  shorter  or  disappearing  transient  stage.  The  stable  crack 

growth  rate  is  independent  of  stress  intensity  factor  in  the  range  of  10  to  22  MPa  Jm  . 
SCC  experiments  were  also  conducted  in  aqueous  solution  with  NaCI  concentration 
ranging  from  0.01%  (0.0017  M)  to  5.0%  (0.855  M)  to  study  the  influence  of  NaCI 
concentration  on  SSC  behavior.  For  a  given  NaCI  concentration,  the  relationship 
between  the  applied  stress  intensity  factor  and  the  incubation  time  follows  a  power  law 
function  similar  to  that  of  the  S-N  curve  in  fatigue.  There  exists  a  demarcation  NaCI 
concentration  of  0.1%  which  results  in  the  shortest  incubation  time  and  the  fastest 
plateau  velocity.  Incremental  load  experiments  were  conducted  to  determine  the 
threshold  stress  intensity  factor  KISCC  for  different  NaCI  concentrations.  It  was  found 

that  KISCC  decreases  with  increasing  NaCI  concentration  from  0.03%  NaCI  to  0.35% 

NaCI.  The  KISCC  value  is  almost  identical  in  the  range  4.0~4.5  MPayfm  when  the  NaCI 
concentration  is  higher  than  0.35%. 
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I.  AISI  4340  STEEL 


1.1.  INTRODUCTION 

Environmentally  assisted  crack  growth  or  stress  corrosion  cracking  (SCC)  is  one  of 
the  major  sources  of  failure  in  engineering  structures  and  machine  components  and  has 
been  studied  over  the  decades.  Significant  amount  of  research  including  experimental 
work  and  modeling  efforts  has  been  made  on  the  subject  of  interaction  of  the  stress  and 
the  corrosive  environments  in  metallic  materials.  It  has  been  established  [1-4]  that  SCC 
occurs  under  the  influence  of  tensile  stresses  and  corrosive  environments.  Despite  the 
generally  accepted  notion  that  the  tensile  stress  is  a  necessary  condition  for  SCC  to 
evolve,  it  has  been  shown  that  SCC  can  also  occur  under  compressive  loads  in  7075 
aluminum  alloy  [5].  The  mechanism  of  SCC  depends  on  the  material,  environment 
state  (gaseous  or  liquid),  and  the  environmental  species.  It  has  been  established  that 
high-strength  steels  with  martensitic  structures  are  susceptible  to  hydrogen-assisted 
cracking  (HAC)  [6-11,  12,  13,  14]  which  is  related  to  embrittlement  due  to  hydrogen 
diffusion.  Experiments  with  H2  gas  charging  revealed  the  dependence  of  cracking 
mechanism  on  the  processes  of  hydrogen  diffusion  into  the  crack  tip  and  the  distribution 
of  hydrogen  among  microstructural  sites  [4,  7,  15-18].  It  was  shown  that  the 
temperature  and  pressure  of  supplied  dry  hydrogen  and  H2S  gas  have  significant  effect 
on  the  threshold  stress  intensity  of  cracking  (Klscc)  [14,  19].  It  was  determined  that 

KISCX.  increased  with  decrease  in  hydrogen  pressure.  With  an  increase  in  the  threshold 

stress  intensity,  the  fracture  mode  shifted  from  intergranular  cracking  to  the  microvoid 
coalescence  [19].  Hydrogen  embrittlement  appears  to  be  a  function  of  the 
microstructure  and  loading  rate.  In  materials  with  higher  segregation  of  impurities  at  the 
grain  boundaries,  intergtanular  hydrogen  assistsed  cracking  prevails  due  to  hydrogen 
trapping  at  the  grain  boundaries.  On  the  other  hand,  hydrogen  embrittlement  by 
dislocation  motion  (plastic  strain  controlled  process)  can  be  achieved  in  materials  with 
decreased  amount  of  hydrogen  traps  along  the  grain  boundaries  and  can  lead  to 
transgranular  cracking  [15]. 

Low  alloy  high  strength  steels  have  been  known  to  develop  SCC  in  water  and  saline 
solutions.  Significant  amount  of  work  has  been  directed  towards  the  investigation  of 
SCC  in  aqueous  environments  with  sodium  chloride  [2-4,  20-28]  as  well  as  other 
dissolved  species  [1,  29,  30].  In  aqueous  environments,  the  hydrogen  atoms  become 
available  as  a  result  of  electrochemical  reactions  at  the  crack  tip  and  are  absorbed  into 
the  material  by  the  diffusion  process  [4,  22,  31].  The  crack-tip  reactions  are  rather 
complex  and  generally  consist  of  anodic  and  cathodic  reactions,  and  hydrolysis  of  metal 
ions  [4,  11,  22,  26,  32].  The  subsequent  hydrogen  diffusion  occurs  under  the 
hydrostatic  stress  condition.  The  crack  tip  processes  depend  on  a  variety  of  factors 
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which  complicate  the  development  of  standard  testing  procedures  in  stress  corrosion 
cracking  experiments  [33], 

It  should  be  mentioned  that,  from  the  historical  retrospective,  the  experimental  work 
on  environmentally  assisted  failure  started  with  utilizing  smooth  dog-bone  shaped 
specimens  subjected  to  static  load  in  corrosive  environments.  Later,  the  concepts  of 
fracture  mechanics  and  use  of  fatigue  pre-cracked  specimens  were  introduced  into 
practice  in  order  to  facilitate  the  SCC  process  [34],  The  first  experimental  observations 
on  SCC  of  high  strength  steels  using  fatigue  pre-cracked  specimens  revealed  the  crack 
growth  curves  containing  the  plateau  region  where  the  crack  extension  velocity  was 
virtually  independent  of  the  applied  stress  intensity  factor  and  introduced  the  concept  of 
threshold  stress  intensity  for  stress  corrosion  cracking  [34-37],  A  variety  of  specimen 
configurations  was  used  in  the  experiments  including  standard  compact  tension  (CT), 
cantilever  beam  (CB),  and  wedge  opening  load  (WOL)  specimens.  Crack  extension 
was  typically  detected  by  potential  drop,  variation  in  crack  opening  displacement  (COD), 
or  acoustic  emission  techniques  [38,  39],  Each  specimen  configuration  enabled  testing 
under  control  of  constant  load  or  constant  displacement,  thus  adding  more  variables 
into  the  experimental  practice  [40],  In  addition,  the  effect  of  loading  history  (pre¬ 
cracking  stress  intensity  in  particular)  became  evident  and  resulted  in  significant 
experimental  research  [41-44],  Of  particular  interest  is  the  result  produced  by  Rieck 
and  co-workers  [44]  who  showed  the  possibility  of  complete  inhibition  of  SCC  by 
introducing  creep  in  dry  non-cracking  environment  prior  to  stress  corrosion  testing. 
Fracture  mechanics  aspects  [45]  as  well  as  material-stress-electrochemistry  coupling 
effects  [46-50]  were  investigated  and  considered  in  the  experimental  programs.  Among 
the  multitude  of  factors  affecting  the  environmentally  assisted  cracking  in  aqueous 
environments,  the  effect  of  polarization  received  a  significant  attention.  It  was 
determined  that  the  application  of  anodic  potential  significantly  reduced  the  crack 
growth  rate  as  compared  to  the  application  of  cathodic  potential  [50],  X-ray  analysis  of 
residual  stresses  near  the  SCC  fracture  surfaces  revealed  existence  of  tensile  residual 
stresses  under  applied  cathodic  potential  while  compressive  residual  stresses  were 
found  in  the  specimens  to  which  anodic  potential  was  applied  [47], 

The  strain  rate  at  the  crack  tip  is  associated  with  the  dislocation  motion  and 
influences  the  transport  of  the  hydrogen  into  the  metal  matrix  [15].  When  cracking 
occurs  in  water,  the  only  source  of  hydrogen  is  the  cathodic  reduction.  Since  the 
cathodic  reduction  is  a  function  of  the  anodic  dissolution,  which  in  turn  is  a  crack  tip 
strain  controlled  process,  the  hydrogen  diffusion  and  hydrogen  embrittlement  appear  to 
be  a  strain  rate  dependent  process  [25],  It  was  observed  that  under  very  high  strain 
rates  at  the  crack  tip,  SCC  did  not  occur  due  to  insufficient  time  for  electrochemical 
reactions  to  develop  [51].  At  the  same  time,  very  low  strain  rates  allowed  for  the 
complete  formation  of  the  passive  film  at  the  crack  tip  which  restricts  the  SCC  process 
[2].  Therefore,  a  balance  between  the  development  of  fresh  crack  and  the  corrosion 
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processes  needs  to  be  maintained  in  order  for  the  crack  to  grow.  Such  a  balance  was 
one  of  the  primary  subjects  of  investigation  with  the  introduction  of  rising  load  and  rising 
displacement  conditions  into  experimental  practice  [52-55],  Significant  amount  of  work 
on  loading  rate  related  processes  in  SCC  of  high-strength  steels  has  been  done  by 
Dietzel  and  co-workers  [16,  27,  56-58]  in  an  effort  to  develop  a  new  technique  for  a 
faster  determination  of  the  threshold  stress  intensity  factor  ( KISCC ).  It  was  shown  that 
the  displacement  rate  and  the  loading  rate  controlled  experiments  yielded  the  same 
values  of  Klsrc  as  the  one  traditionally  obtained  from  the  constant  load  experiments  [20, 

56].  The  extensive  experimental  work  on  fatigue  pre-cracked  SCC  specimens  under 
loading  rate  conditions  led  in  the  year  2003  to  a  new  ISO  standard  governing  the  use  of 
rising  load  or  rising  displacement  controls  in  the  SCC  experiments  for  various  materials 
[59]. 

Anodic  dissolution  plays  an  important  role  in  the  SCC  process  by  dissolving  the 
metal  generally  along  a  specific  path  which  for  high  strength  steels  coincides  with  the 
prior  austenite  grain  boundaries  [25].  Therefore,  the  effect  of  prior  austenite  grain  size 
on  the  SCC  rate  has  been  a  subject  of  study  [24,  60,  61].  It  was  shown  experimentally 
that  the  prior  austenite  grain  size  has  no  effect  on  KISCC  when  cracking  occurred  in  the 

3.5%  aqueous  NaCI  solution  and  in  distilled  water  [24,  25].  At  the  same  time,  it  was 
observed  that  a  decrease  in  prior  austenite  grain  size  led  to  a  decrease  in  the  crack 
growth  rate. 

Apparently,  the  SCC  growth  is  influenced  by  the  concentration  of  the  chloride  ions  in 
the  solution.  It  was  shown  that  an  increase  in  the  NaCI  concentration  in  saline  solutions 
decreased  the  crack  growth  rate  [22,  62]  under  otherwise  identical  conditions.  While 
chloride  ions  did  not  enter  the  hydrolysis  process  and  were  irrelevant  to  the  hydrogen 
reduction,  they  degrade  passive  films  on  the  crack  flanks  during  SCC  [26].  It  should  be 
mentioned  that,  to  the  best  knowledge  of  the  authors,  the  effect  of  the  concentration  of 
Cl'  on  SCC  in  the  high-strength  steels  has  not  been  investigated  in  detail  and  deserves 
an  additional  consideration.  Most  of  the  available  experimental  work  was  done  either  in 
distilled  water  or  in  simulated  seawater  with  3.5%  NaCI  concentration. 

The  current  investigation  is  an  experimental  study  of  the  environmentally  assisted 
cracking  in  AISI  4340  steel  in  aqueous  solutions  of  different  NaCI  concentrations.  A 
series  of  experiments  were  designed  and  conducted  using  the  compact  tension  (CT) 
specimens  in  an  effort  to  understand  the  effect  of  NaCI  concentration  on  the  threshold 
stress  intensity  factor  and  the  plateau  crack  growth  velocity.  Experiments  with  different 
loading  rates  were  conducted  in  order  to  study  the  loading  rate  effect  on  the  SCC  of  the 
material  under  investigation.  The  experimental  set-up  was  so  designed  such  that  a 
real-time  in  situ  observation  of  the  crack  extension  can  be  made  to  produce  accurate 
first-hand  data. 


-3- 


1.2.  EXPERIMENT 


The  material  under  investigation  is  AISI  4340  steel  which  has  been  used  in 
aeronautic  applications  including  landing  gears  and  reductors.  The  chemical 
composition  of  the  material  is  shown  in  Table  I.  Prior  to  final  machining  of  the  testing 
specimen,  the  material  was  heat  treated  at  860°C  for  one  hour  followed  by  quenching  in 
agitated  warm  oil,  then  tempered  at  300°C  for  two  hours  and  air  cooled. 


Table  1.  Chemical  composition  of  AISI  4340,  wt% 


c 

Cr 

Mn  Mo 

Ni 

Fe 

0.37 

0.70 

0.70  0.20 

1.83 

Balance 

Fig.1  Stress-strain  curves  obtained  from  experiments  for  (a)  monotonic  tension 

and  (b)  monotonic  torsion 


Table  2.  Static  material  properties  of  AISI  4340 


Elasticity  Modulus  E  (GPa) 

207 

Ultimate  Strength  Su  (MPa) 

1754 

Shear  Modulus  G  (GPa) 

80.86 

Engineering  fracture  stress  (MPa) 

2183 

Poisson’s  Ratio  /u 

0.28 

Engineering  Fracture  Strain  ef 

0.257 

Yield  Stress  <ry  (MPa) 

1503 

Reduction  in  Area  R4  (%) 

44.1 

In  order  to  determine  the  static  material  properties,  one  smooth  dog-bone  shaped 
specimen  was  tested  under  monotonic  tension.  The  gage  length  of  the  specimen  was 
12.7mm  and  the  diameter  was  8.0  mm.  The  stress-strain  curve  obtained  from  the 
monotonic  tension  test  is  shown  in  Fig.  1(a).  Another  smooth  dog-bone  shaped 
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specimen  was  subjected  to  pure  monotonic  torsion  loading.  The  gage  length  was  25.4 
mm  and  the  diameter  within  the  gage  length  was  12.0  mm.  The  surface  strain  was 
measured  by  using  an  extensometer  with  3%  shear  strain  range.  The  extensometer 
was  removed  from  the  specimen  after  the  surface  strain  reached  its  range.  The  surface 
shear  strain  higher  than  3%  was  determined  by  the  measured  rotational  angle  of  the 
actuator  through  a  relationship  between  the  surface  shear  strain  and  the  rotational 
angle  established  before  the  removal  of  the  extensometer  from  the  specimen.  The 
surface  shear  stress  was  determined  following  the  Nadai’s  formula  [63],  The  shear 
stress-shear  strain  curve  obtained  from  monotonic  torsion  is  shown  in  Fig.  1(b).  All  the 
static  material  properties  of  the  4340  steel  are  listed  in  Table  2.  It  is  noticed  that  the 
monotonic  torsion  experiment  is  advantageous  to  monotonic  tension  because  it 
eliminates  the  process  of  necking  and  enables  to  obtain  the  true  fracture  stress  and 
strain  of  the  material. 

Round  compact  tension  (CT)  specimens,  as  shown  in  Fig.  2,  were  machined  from 
commercially  obtained  4340  steel  round  bar  with  a  diameter  of  44.44  mm  in  the 
transversal  direction  (CR  orientation  [21]).  The  heat  treatment  procedure  described 
previously  was  done  to  the  specimens  prior  to  testing.  The  thickness  of  the  specimens 
was  3.8  mm.  Notches  were  cut  using  the  EDM  (electro-discharge  machine)  process  in 
order  to  eliminate  cold  work  associated  with  the  traditional  saw  cutting  and  drilling.  One 
side  of  the  specimens  was  polished  in  order  to  facilitate  the  observation  of  crack  growth. 
The  specimens  were  placed  into  ultrasonic  cleaner  prior  to  testing  to  remove  the 
residual  materials  from  machining  and  polishing. 


Fig.  2  Compact  tension  specimen  used  in  the  SCC  experiments  (all  dimensions 

are  in  mm) 
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Fig.  3  Experimental  setup  for  SCC  experiments;  (a)  schematics,  (b)  photo  picture 

The  crack  growth  experiments  were  conducted  using  an  Instron  8870  material 
testing  machine  with  a  25  kN  capacity  load  cell.  Schematics  of  the  experimental  setup 
are  shown  in  Fig.  3.  The  specimen  was  placed  into  a  transparent  acrylic  chamber 
containing  the  solution  and  the  crack  extension  was  measured  with  help  of  a  long¬ 
distance  optical  microscope  QM100  (working  distance  from  150  to  380  mm).  The 
volume  of  the  chamber  was  6L  and  the  specimen  was  installed  in  such  a  way  that  the 
solution  covered  approximately  2/3  of  the  specimen  (Fig.  3).  The  chamber  remained 
naturally  aerated  during  the  experiment.  The  microscope  was  mounted  on  a  stage 
allowing  for  horizontal  and  vertical  motions.  The  microscope  was  equipped  with  a  CCD 
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camera  and  a  direct  real-time  observation  of  the  crack  was  done  using  the  computer 
output  and  position  digital  display.  A  modified  clip-on  gage  was  attached  to  the  knife 
edges  of  the  specimen  (Fig.  2)  and  connected  to  the  Instron  electronic  control  channel 
which  allowed  for  the  acquisition  of  the  data  and  the  control  of  the  crack  opening 
displacement  (COD).  All  of  the  experiments  were  conducted  at  a  free  potential.  In  all  of 
the  experiments  in  saline  solution,  the  bulk  pH  value  of  the  solution  was  equal  to  7  and 
all  the  experiments  were  conducted  at  room  temperature. 

With  the  configuration  of  the  setup  described,  several  types  of  experiments  were 
conducted  with  different  controlled  variables.  The  experiments  were  performed  under 
the  following  controlling  conditions:  constant  load  ( P  =  const ),  constant  COD  {S  =  const ), 
constant  displacement  of  the  loading  point  of  the  specimen  (A  =  const),  loading  rate 
control  ( dP / dt  =  const) ,  and  COD  rate  control  {dS / dt  =  const ).  The  details  of  the 
experiments  are  listed  in  Tables  3-7.  Pre-cracking  with  decreasing  loading  amplitude 
was  performed  on  all  of  the  specimens  prior  to  SCC  testing  in  the  solution  with  the 
maximum  stress  intensity  factor  in  a  loading  cycles  being  less  than  7.0  MPa  m1/2. 


Table  3.  Constant  load  experiments 


Spec.# 

NaCI 

% 

Step# 

P, 

kN 

Kpr, 

MPa 

m1/2 

Kin, 

MPa 

m1'2 

Kf, 

MPa 

m1/2 

a„ 

mm 

af, 

mm 

tino 

sec 

(da/dt)p 

mm/sec 

HT-24 

0 

3.40 

25.70 

25.70 

90.80 

8.004 

19.846 

203 

1.61e-2 

HT-26 

0 

3.00 

25.80 

22.80 

76.13 

8.006 

19.473 

631 

1.90e-2 

HT-36 

3.5 

1 

2.80 

4.91 

18.00 

19.90 

6.276 

7.338 

180 

- 

HT-27 

3.5 

1 

1.80 

5.48 

15.00 

15.70 

9.140 

10.153 

83 

- 

3 

1.00 

14.20 

61.13 

14.562 

24.277 

4.02e-3 

HT-33 

0 

1 

2.97 

5.22 

20.00 

22.70 

6.807 

7.818 

127 

- 

3 

0.80 

14.80 

72.60 

16.952 

25.700 

... 

1 ,69e-2 

HT-34 

0.35 

1 

2.36 

5.48 

18.00 

19.00 

7.996 

8.559 

246 

- 

3 

1.10 

16.80 

59.27 

15.187 

23.755 

... 

4.25e-3 

HT-40 

0  0035 

1 

2.25 

5.98 

14.20 

15.08 

6.245 

6.826 

159 

- 

3 

1.00 

12.60 

58.77 

13.405 

24.125 

... 

6.86e-3 

HT-39 

0.0105 

1 

2.20 

5.25 

13.60 

21.37 

6.064 

10.154 

171 

- 

3 

1.10 

24.80 

42  90 

18.621 

22.163 

5.36e-3 

P-  Applied  load 

Kpr-  Maximum  stress  intensity  factor  at  the  end  of  fatigue  pre-cracking 
Kin  -  Stress  intensity  factor  at  the  beginning  of  the  experiment 
Kf-  Stress  intensity  factor  at  the  termination  of  the  experiment 

a,  -  Crack  length  at  the  beginning  of  the  experiment  measured  from  the  line  of  applied  load 
af-  Crack  length  at  the  termination  of  the  experiment  measured  from  the  line  of  applied  load 
tinc  -  Crack  incubation  time  based  on  0.5  mm  crack  length 
{dal dt)  -average  plateau  velocity 
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Table  4.  Constant  COD  experiments 


Spec.# 

NaCI 

% 

Step# 

5, 

mm 

Kn, 

MPa  m1/2 

Kf, 

MPa  m1/2 

a„ 

mm 

au 

mm 

HT-27 

3.5 

2 

0.042 

15.70 

11.80 

10.153 

14.325 

HT-33 

0 

2 

0.062 

23.90 

13.40 

7.994 

16.953 

HT-34 

0.35 

2 

0.070 

18.33 

12.39 

8.586 

15,188 

HT-40 

0.0035 

2 

0.051 

16.93 

11.12 

7.223 

13.267 

HT-39 

0.0105 

2 

0.063 

21.38 

11.83 

10.155 

18.517 

HT-37 

0.015 

2 

0.240 

39.17 

17.29 

18.881 

28.138 

5  -  Displacement  of  the  notch  flanks  at  the  edge  of  the  specimen  (COD  displacement) 

Kin  -  Stress  intensity  factor  at  the  beginning  of  the  experiment 
Kf-  Stress  intensity  factor  at  the  termination  of  the  experiment 

a,  -  Crack  length  at  the  beginning  of  the  experiment  measured  from  the  line  of  applied  load 
af-  Crack  length  at  the  termination  of  the  experiment  measured  from  the  line  of  applied  load 


Table  5.  Constant  displacement  at  loading  point  experiments 


Spec.# 

NaCI 

% 

Step# 

A, 

mm 

Kpr, 

MPa 

1/2 

m 

Km, 

MPa 

^1/2 

m 

Kf, 

MPa 

__  1  /2 

m 

a„ 

mm 

a,, 

mm 

hnd 

sec 

(da/dt)p 

mm/sec 

HT-29 

0 

0.191 

26.2 

26.20 

14.58 

8.048 

28.56 

245 

8.91e-3 

HT-30 

3.5 

0.141 

19.75 

21.60 

13.50 

8.000 

26.75 

265 

3.48e-3 

HT-31 

3.5 

0.122 

19.82 

18.05 

14.96 

8.009 

27.66 

288 

3.15e-3 

HT-28 

3.5 

5 

0.121 

17.44 

11.85 

9.715 

26.27 

3.79e-3 

HT-36 

3.5 

2 

0.150 

16.02 

12.30 

8.041 

25.23 

4.51e-3 

A  -  Displacement  of  the  actuator  at  the  point  of  load  application 
Kpr-  Maximum  stress  intensity  factor  at  the  end  of  fatigue  pre-cracking 
Kin  -  Stress  intensity  factor  at  the  beginning  of  the  experiment 
Kf-  Stress  intensity  factor  at  the  termination  of  the  experiment 

a,  -  Crack  length  at  the  beginning  of  the  experiment  measured  from  the  line  of  applied  load 
af-  Crack  length  at  the  termination  of  the  experiment  measured  from  the  line  of  applied  load 
tine  -  Crack  incubation  time  based  on  0.5  mm  crack  length 
(da/dt)  -average  plateau  velocity 
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Table  6.  Loading  rate  controlled  experiments 


Spec.# 

NaCI 

% 

Ste 

p# 

dP/dt, 

N/sec 

Kpr, 

MPa 

m1/2 

Kn, 

MPa 

m1'2 

Kf, 

MPa 

m1/2 

a„ 

mm 

mm 

K/scc 

MPa 

m1/2 

(da/dt)p 

mm/sec 

HT-38 

0.0228 

0.278 

5.54 

8.33 

57.31 

602 

18.33 

9.48 

3.78e-3 

HT-37 

0.015 

1 

0.100 

5.22 

8.34 

39.17 

6.04 

18.69 

10.9 

4.50e-3 

HT-43 

0.012 

0.100 

4.80 

7.9 

41.21 

5.94 

18.19 

9.75 

3.90e-3 

HT-42 

0.0 

0.100 

4.73 

8.0 

58.0 

6.22 

20.16 

9.41 

1.02e-2 

HT-41 

3.5 

0.100 

4.73 

7.97 

32.94 

6.00 

16.05 

10.9 

4.18e-3 

HT-44 

0.0 

1 

0.100 

4.28 

9.17 

12.95 

5.95 

8.03 

10.35 

4.45e-3 

0.0035 

2 

0.100 

5.07 

8.56 

19.37 

8.29 

13.85 

9.90 

4.45e-3 

0.035 

3 

0.037 

8.51 

10.11 

18.12 

14.13 

18.32 

10.27 

4.45e-3 

HT-47 

0.35 

1 

0.100 

4.08 

8.14 

20.32 

6.05 

13.61 

8.30 

3.20e-3 

2 

0.044 

6.78 

8.14 

58.45 

14.32 

24.44 

9.59 

3.20e-3 

HT-51 

3.5 

0.0325 

3.60 

8.97 

64.35 

6.28 

20.43 

12.83 

3.16e-3 

HT-52 

3.5 

2 

1.000 

6.60 

3.10 

53.69 

8.19 

14.85 

10.84 

3.39e-3 

HT-54 

3.5 

1 

0.050 

5.37 

6.33 

22.20 

6.18 

11.76 

12.18 

2.80e-3 

2 

3.000 

6.04 

7.09 

90.95 

13.59 

18.02 

11.58 

2.80e-3 

HT-55 

3.5 

1 

3.300 

5.20 

0.61 

30.08 

5.96 

7.86 

11.55 

3.02e-3 

2 

7.100 

6.77 

0.85 

44.28 

9.14 

10.51 

12.99 

3.02e-3 

3 

7.500 

7.12 

1.06 

52.22 

11.55 

12.61 

12.64 

3.02e-3 

4 

0.680 

7.96 

6.54 

32.58 

14.78 

18.55 

9.83 

3.02e-3 

dP/dt  -  Rate  of  applied  external  load 

Kpr  —  Maximum  stress  intensity  factor  at  the  end  of  fatigue  pre-cracking 
Kin  -  Stress  intensity  factor  at  the  beginning  of  the  experiment 
Kf-  Stress  intensity  factor  at  the  termination  of  the  experiment 

a,  -  Crack  length  at  the  beginning  of  the  experiment  measured  from  the  line  of  applied  load 
af-  Crack  length  at  the  termination  of  the  experiment  measured  from  the  line  of  applied  load 
Kiscc  -  Threshold  stress  intensity  factor  in  stress  corrosion 
{dal dt)  r -average  plateau  velocity 
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Table  7.  Experiments  under  COD  rate  control 


Spec.# 

NaCI 

% 

dS/dt, 

mm/sec 

Kpr, 

MPa 

m 

Kin, 

MPa 

m 

Kf, 

MPa  m1/2 

a„ 

mm 

df, 

mm 

Kiscc 

MPa 

m 

(da/dt)p 

mm/sec 

HT-45 

3.5 

1.0e-04 

4.90 

6.97 

51.49 

5.92 

14.01 

9.96 

3.33e-3 

HT-48 

3.5 

2.0e-05 

4.36 

4.37 

19.56 

6.01 

18.24 

12.06 

3.86e-3 

HT-49 

3.5 

2.0e-04 

3.56 

1.94 

53.94 

6.41 

7.61 

12.91 

2.26e-3 

HT-50 

3.5 

1.0e-05 

4.49 

4.49 

13.89 

6.32 

16.24 

11.54 

3.12e-3 

dS  /  dt  -  Rate  of  crack  opening  displacement 

Kpr-  Maximum  stress  intensity  factor  at  the  end  of  fatigue  pre-cracking 
Km  -  Stress  intensity  factor  at  the  beginning  of  the  experiment 
Kf-  Stress  intensity  factor  at  the  termination  of  the  experiment 

a,  -  Crack  length  at  the  beginning  of  the  experiment  measured  from  the  line  of  applied  load 
af-  Crack  length  at  the  termination  of  the  experiment  measured  from  the  line  of  applied  load 
K/scc  -  Threshold  stress  intensity  factor  in  stress  corrosion 
(dal dt)  -average  plateau  velocity 
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Fig.  4  Multiple  step  experiment  with  constant  load  and  constant  COD  control 
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As  can  be  seen  in  Tables  3-7,  a  majority  of  the  specimens  was  tested  in  multiple- 
step  experiments.  When  the  applied  load  is  kept  constant,  the  stress  intensity  factor 
increases  with  the  crack  extension.  When  the  COD  is  fixed,  the  lvalue  decreases  with 
increasing  crack  length.  Therefore,  the  crack  growth  curve  can  be  obtained  in  several 
steps  using  a  single  specimen  with  different  controlled  loading  conditions.  The 
approach  is  illustrated  in  Fig.  4  using  the  results  from  Specimen  HT-40  tested  in 
0.0035%  NaCI  solution.  It  can  be  seen  that  the  combination  of  two  controls,  constant 
COD  and  constant  load,  can  yield  a  crack  growth  curve  covering  all  the  three  stages 
typically  observed  in  the  SCC  experiments  as  illustrated  in  the  insert  in  Fig.  4. 

The  multi-step  experiments  under  loading  rate  control  were  designed  to  maximize 
the  experimental  data  that  can  be  obtained  from  one  single  specimen.  When  the  same 
specimen  was  tested  in  several  loading  steps  under  different  loading  rates,  fatigue  pre¬ 
cracking  with  decreasing  amplitude  was  performed  between  two  loading  steps  in  order 
to  produce  a  fresh  fatigue  crack  tip  each  time  before  the  SCC  test.  The  same  was  done 
in  the  case  when  the  experiments  were  conducted  with  different  NaCI  concentrations. 
Using  the  loading  rate  control,  the  whole  crack  growth  rate  curve  can  be  obtained 
starting  from  the  threshold  stress  intensity  value. 


1.3.  RESULTS 

The  current  section  describes  the  experimentally  obtained  results  of  SCC  growth  of 
the  4340  steel.  The  section  is  arranged  into  sub-sections  with  an  emphasis  on  a 
particular  phenomenon  being  investigated.  The  presentation  of  the  crack  growth  curves 
is  made  following  the  accepted  format  of  the  crack  growth  rate  versus  the  stress 
intensity  factor  on  a  log-log  scale.  The  stress  intensity  factor  was  calculated  using  the 
following  formula  [64]  for  the  round  CT  specimen, 


K  =  PC  ■  F(a), 

1  a 

C  =  —,= — ,  a  =  — , 
VF  •  B  W 


F(a)  = 


(2  +  a)( 0.76  +  4.8a  - 1 1 .58a2  +  1 1 ,43a3  -  4.08a4 ) 


(1  -a) 


3/2 


(1) 


where  a  is  the  crack  length  measured  from  the  line  of  externally  applied  load  P 
and  W  and  B  are  the  width  and  the  thickness  of  the  specimen,  respectively  (Fig.  2).  Eq. 
[1]  was  obtained  by  the  boundary  collocation  method  and  has  an  accuracy  of  0.3% 
when  0.2  <  a  <  1.0  [64], 

The  primary  data  collected  as  a  result  of  the  experiment  were  the  crack  length  and 
the  elapsed  time.  A  parabolic  curve  was  adopted  to  best  fit  a  set  of  seven  successive 
data  points  in  the  experimentally  obtained  relationship  between  the  crack  length  and 
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time.  The  crack  growth  rate  at  the  middle  point  was  determined  from  the  derivative  of 
the  parabola.  Detailed  experimental  results  are  tabulated  for  each  specimen  tested  in 
Appendix  A  for  the  4340  steel. 

1.3.1.  Effect  of  Loading  Rate 

The  effect  of  loading  rate  on  SCC  for  the  4340  steel  was  investigated  in  3.5%  NaCI 
aqueous  solution.  Two  types  of  experiments  were  employed:  load  rate  controlled  and 
COD  rate  controlled.  In  all  of  the  experiments,  the  rate  of  controlling  variable  was  kept 
constant.  The  primary  interest  was  the  effect  of  the  loading  rate  (crack  tip  strain  rate) 
on  the  average  plateau  velocity  and  the  threshold  stress  intensity  factor.  The  results 
are  shown  in  Fig.  5.  The  first  plot  (Fig.  5(a))  represents  the  dependence  of  the  SCC 
threshold  stress  intensity  factor  on  the  rates  of  COD  and  the  applied  load.  The  loading 
and  COD  rates  at  the  onset  of  cracking  are  represented  as  the  rate  of  stress  intensity 
factor  on  the  horizontal  axis  in  Fig.  5(a).  Figure  5(b)  shows  the  average  plateau 
velocities  corresponding  to  different  values  of  applied  dP/dt  and  dS / dt .  The  markers 
in  Fig.  5  represent  the  experimentally  obtained  data  points  and  the  thick  dotted  lines  are 
placed  on  the  graphs  to  indicate  the  mean  value  of  the  measured  quantity. 
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Fig.  5  Effect  of  loading  rate  on  (a)  threshold  stress  intensity  Klscc  and  (b)  average 

plateau  crack  growth  velocity 


It  can  be  seen  from  Fig.  5  that  within  the  range  of  the  applied  COD  and  loading 
rates  used  in  the  experiments,  the  values  of  the  SCC  threshold  intensity  factors  and  the 
plateau  crack  growth  velocities  are  not  practically  influenced  by  the  loading  rate  nor  the 
controlled  loading  mode  (load  versus  COD).  This  observation  confirms  the  results 
previously  obtained  by  Dietzel  and  co-workers  [16,  27,  58]. 

It  should  be  mentioned  that  a  complete  SCC  crack  growth  curve  can  be  obtained 
only  with  certain  values  of  COD  rates.  The  variation  of  the  stress  intensity  factor  with 
the  crack  length  in  a  constant  COD  rate  controlled  experiment  in  3.5%  NaCI  aqueous 
solution  is  shown  in  Fig.  6.  It  can  be  seen  that  under  very  low  rates  of  COD,  the  stress 
intensity  factor  remains  practically  constant  with  the  crack  extension.  In  such  a  case, 
only  the  threshold  value  of  the  stress  intensity  factor  can  be  determined  from  the 
experiment  and  the  rest  of  the  crack  growth  curve  cannot  be  obtained. 
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Fig.  6  Variation  of  stress  intensity  factor  in  COD  rate  controlled  experiments 


The  experiment  with  linearly  increasing  applied  load,  on  the  other  hand,  results  in  a 
continuously  increasing  K ,  which  allows  for  the  determination  of  all  of  the  stages  in  the 
crack  growth  curve  within  one  experiment.  Figure  7  shows  the  variation  of  the  applied 
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Load  (kN) 


load  and  the  corresponding  COD  as  a  function  of  time  in  a  load  rate  controlled 
experiment.  The  experiment  was  performed  at  a  constant  loading  rate  (linearly 
increasing  load)  of  dP/dt  =  0.1  N/ s  and  produced  a  complete  crack  growth  curve  for 
the  material.  It  can  be  seen  from  Fig.  7  that  while  the  load  is  changing  linearly  with  time, 
the  COD  vs  time  relationship  is  similar  to  a  parabolic  curve.  Therefore,  in  order  to 
obtain  the  results  corresponding  to  a  constant  loading  rate  experiment,  the  COD  rate 
should  not  be  constant. 


1.3.2.  Effect  of  NaCI  Concentration 

Nine  different  concentrations  of  sodium  chloride  (NaCI)  in  water  solution  were  used 
in  the  current  investigation.  The  NaCI  concentration  ranged  from  0%  (distilled  water)  to 
3.5%  (simulated  seawater).  The  values  of  the  threshold  stress  intensity  factors  were 
determined  from  the  load  rate  controlled  experiments  and  correspond  to  a  first  observed 
crack  extension  of  0.01  mm  from  the  crack  tip  formed  by  fatigue  pre-cracking  prior  to  the 
SCC  test.  All  the  results  for  the  effect  of  NaCI  concentration  are  shown  in  Fig.  8. 
Experiments  were  conducted  with  constant  load,  constant  COD,  and  constant  load  rate 
controls.  All  of  the  experiments  were  performed  at  free  potential  and  at  the  room 
temperature  without  aeration. 

The  crack  growth  results  in  Fig.  8  display  typical  SCC  behavior  with  the  crack 
growth  curve  consisting  of  three  stages,  as  depicted  schematically  in  the  insert  in  Fig.  4. 
Stage  I  is  the  near  threshold  (subcritical)  crack  growth  where  the  velocity  of  crack 
propagation  strongly  depends  on  stress  intensity  factor  K.  Stage  II  is  often  called  a 
plateau  crack  growth  and  within  this  range  the  rate  of  crack  extension  is  nearly 
independent  of  K .  Finally,  the  third  stage  represents  the  catastrophic  failure  of  the 
specimen  and  is  not  represented  in  Fig.  8  because  most  of  the  specimens  in  the  current 
investigation  were  not  loaded  until  complete  separation. 
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1/2 

K,  Stress  Intensity  Factor,  MPa  m 

Fig.  8  SCC  experiments  in  aqueous  NaCi  solution  of  different  concentrations 

It  can  be  seen  from  Fig.  8  that  the  change  in  the  NaCI  concentration  has  practically 
no  effect  on  the  threshold  values  of  the  stress  intensity  factor  and  the  near-threshold 
crack  growth.  At  the  same  time,  it  can  be  found  that  an  addition  of  NaCi  to  the  solution 
slows  down  the  plateau  crack  growth  as  was  observed  earlier  [22,  62].  The  highest 
values  of  da/dt  are  reached  in  pure  distilled  water.  With  the  addition  of  sodium  and 
chloride  ions,  the  crack  growth  rate  within  the  plateau  region  decreases.  It  should  be 
noticed  that  the  crack  growth  rate  curve  in  pure  water  is  distinguishable  from  the  SCC 
growth  curves  in  saline  solutions  by  the  absence  of  the  pronounced  plateau  in  Stage  II. 
In  other  words,  the  velocity  of  crack  extension  in  pure  water  is  dependent  on  the  stress 
intensity  in  all  three  stages  of  crack  growth. 
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Fig.  9  Average  plateau  crack  growth  velocity  as  function  of  NaCI  concentration 

One  particular  phenomenon  regarding  plateau  crack  propagation  velocity  can  be 
observed  from  Fig.  8.  A  decrease  in  the  plateau  crack  growth  rate  does  not  occur 
continuously  with  increasing  NaCI  concentration.  Two  groups  of  crack  growth  curves, 
one  corresponding  to  the  NaCI  concentration  lower  than  0.011%  and  one  with  the  NaCI 
concentrations  higher  than  0.011%  can  be  distinguished  in  Fig.  8.  A  further  illustration 
of  this  phenomenon  is  shown  in  Fig.  9  which  depicts  the  average  plateau  velocity  of 
crack  growth  as  a  function  of  the  NaCI  concentration.  It  can  be  seen  from  Fig.  9  that  the 
NaCI  concentration  of  0.01 1%  can  be  viewed  as  a  “critical  concentration”  separating  two 
groups  of  crack  growth  curves  (dashed  vertical  line  in  Fig.  9).  The  first  group  with  the 
NaCI  concentrations  being  lower  than  the  critical  number  behaves  close  to  the  SCC  in 
pure  water.  If  the  NaCI  content  is  increased  by  1.5xl0'^wt%,  the  plateau  velocity 
decreases  to  the  values  characteristic  for  the  SCC  in  the  3.5%  saline  solution. 
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Fig.  10  Dependence  of  Klscc  on  NaCI  concentration 


Figure  10  is  a  plot  of  KISCC  versus  the  NaCI  concentration  in  the  distilled  water 
solution.  As  was  stated  earlier,  the  NaCI  concentration  has  no  practical  influence  on  the 
threshold  stress  intensity  factor.  The  Klscc  values  are  confined  within  the  range  of 


9.4~13.0  MPaJm  ,  as  being  indicated  by  the  dashed  lines  in  Fig.  10.  The 


KISCC  distribution  has  no  correlation  with  the  NaCI  concentration.  The  average 
Klxr  value  was  found  to  be  11.07  MPa4m  (thick  blue  line  in  Fig.  10). 

1.3.3.  Microscopic  Observations  and  Crack  Morphology 

An  examination  of  the  fracture  surfaces  under  the  scanning  electron  microscope 
(SEM)  revealed  the  intergranular  cracking  mechanism  typical  for  heat  treated  4340  steel 
[65,  66]  in  all  of  the  specimens  subjected  to  environmentally  assisted  cracking  (Fig.  11). 
The  mechanism  is  not  influenced  by  the  loading  rate  or  the  NaCI  concentration  and 
there  was  no  significant  differences  observed  in  fracture  morphologies  of  the  specimens 
tested  under  different  loading  conditions. 
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Fig.  11  SEM  photograph  illustrating  intergranular  SCC  in  AISI  4340  steel 


It  has  been  generally  accepted  that  the  yield  strength  influences  the  threshold  value 
of  the  stress  corrosion  and  hydrogen  assisted  cracking  [7,  4,  25,  62]  while  the  plateau 
velocity  is  not  significantly  dependent  on  the  strength  of  an  alloy  [25].  The  particular 
microstructural  cracking  mechanism,  however,  is  a  function  of  a  rate  limiting  process, 
i.e.,  anodic  dissolution  or  hydrogen  embrittlement.  In  the  case  of  hydrogen  assisted 
cracking,  the  transgranular  or  intergranular  path  of  a  crack  is  dependent  on  segregation 
of  impurities,  which  serves  as  hydrogen  trapping  sites,  along  the  grain  boundaries  [15]. 
At  the  same  time,  experimental  observations  point  to  a  connection  between  hydrogen 
induced  cracking  and  plastic  deformation  by  slip  on  the  {110}  planes  [4,  15].  Such  a 
deformation  mechanism  leads  to  transgranular  cracking  induced  by  a  local  process  of 
plastic  strain  due  to  the  motion  of  dislocations.  Both  mechanisms  can  be  activated 
during  the  SCC  and  the  final  fracture  mode  depends  on  the  hydrogen  distribution 
among  the  trapping  sites. 

In  the  present  investigation,  in  situ  observation  of  the  SCC  crack  extension  through 
the  optical  microscope  allowed  for  the  acquisition  of  rather  peculiar  cracking  behavior  of 
AISI  4340.  Figure  12  shows  the  photograph  of  a  growing  SCC  crack  captured  with  the 
CCD  camera  attached  to  the  microscope.  It  can  be  seen  that  the  crack  propagation 
consists  of  a  number  of  small  steps  (“cells”)  in  which  the  crack  is  separated  in  two 
branches  which  later  tend  to  merge  together.  While  the  overall  plateau  velocity  remains 
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constant,  the  crack  propagation  is  slower  when  the  new  “cell”  is  being  formed  by  crack 
deviation  in  two  branches.  Once  the  “cell”  has  started  to  form,  the  crack  extension 
becomes  faster  until  the  branches  come  together  and  the  new  step  is  starting  to  emerge. 
The  schematic  representation  of  the  crack  growth  process  is  shown  in  the  drawing  in 
Fig.  12.  The  average  vertical  distance  between  the  two  branches  forming  a  cell  is 
approximately  30  pm  which  is  comparable  to  the  size  of  two  grains  of  the  pre-eutectoid 
austenite.  Such  a  mechanism  was  observed  in  all  of  the  specimens  regardless  of  the 
NaCI  content  and  loading  control  mode.  It  should  be  mentioned  that  fatigue  cracking  of 
the  material  under  investigation  was  observed  to  be  also  intergranular.  However,  one 
clearly  distinguishable  main  crack  was  observed  in  fatigue  cracking.  Therefore,  the 
“cellular”  structure  of  SCC  can  be  attributed  to  the  combined  effect  of  the  environment 
and  the  static  load. 


200  |im 


Fig.  12  Photograph  of  a  propagating  SCC  crack  (Specimen  HT-43,  dPIdt  =  0.1A7s) 

Out  of  27  specimens  tested  in  the  current  investigation,  seven  specimens 
developed  branching  of  the  main  crack  during  the  stress  corrosion  experiments. 
Multiple  macroscopic  branches  were  observed  as  illustrated  by  the  photograph  in  Fig. 
13  (dP/ dt  =  0.1  N/sec,  0.012  wt%  NaCI).  The  branching  features  were  not  dependent 
on  NaCI  concentration  in  distilled  water  and  were  observed  in  specimens  subjected  to 
constant  load  as  well  as  linearly  increasing  load  conditions.  Crack  branching  has  been 
previously  observed  in  high  strength  steels  subjected  to  stress  corrosion  cracking  [30, 
67,  68-70].  It  should  be  mentioned  that  the  propagation  mechanism  described  above 
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(Fig.  12)  can  be  considered  as  microscopic  branching  since  the  main  crack  essentially 
consists  of  two  propagating  branches  forming  the  “cells”  and  separated  by  30  Dm 
vertically.  The  formation  of  such  “cells”  on  the  microscopic  level,  however,  does  not 
influence  the  overall  plateau  velocity  of  SCC.  When  the  macroscopic  branching  occurs, 
the  propagation  rate  of  the  main  horizontal  crack  significantly  slows  down  as  illustrated 
in  Fig.  14.  It  should  be  mentioned  that  the  onset  of  macroscopic  branching  was 
observed  to  occur  at  specific  values  of  the  stress  intensity  factor  ranging  from  29.4 
MPa-Jm  to  34.7  MPaJm .  Previous  work  on  SCC  of  4340  steel  with  yield  stress  equal 
to  1530  MPa  in  0.1  N  H2SO4  solution  [30]  showed  occurrence  of  branching  at  stress 
intensity  approximately  equal  to  2.5  times  K1SCC .  With  the  average  threshold  stress 

intensity  of  11.07  MPaJm  determined  in  current  investigation,  the  onset  of  branching 
can  be  expected  at  K  =  2%  MPaJm  which  is  close  to  the  observed  range  indicated 
above. 


\ 
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Fig.  13  Branching  of  the  stress  corrosion  crack  (dP/ dt  =  0.1  jV/sec,  0.012  wt% 

NaCI) 
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Fig.  14  Effect  of  branching  on  crack  growth  rate 


1.4.  DISCUSSION 

Stress  corrosion  cracking  (SCC)  of  metallic  materials  is  a  rather  complex 
phenomenon  involving  processes  of  both  metallurgical  -  electrochemical  interactions  as 
well  as  stresses  and  strains  in  the  material.  The  real  difficulty  is  presented  when 
characterization  of  the  mechanism  of  interaction  between  the  environment  and 
mechanical  processes  is  required.  The  rate  and  mechanism  of  environmentally 
assisted  cracking  for  a  given  material  depends  on  many  parameters  including  not  only 
the  chemical  species  in  the  environment  but  also  the  physical  state  of  the  media  and  the 
temperature  [26].  Therefore,  it  has  been  accepted  [21]  that  the  formulation  of  a  general 
model  for  the  mechanism  of  SCC  is  rather  an  unreasonable  goal  since  the  specific 
processes  operate  depending  on  the  details  of  the  environmental  and  metallurgical 
conditions.  In  aqueous  environments,  a  general  statement  can  be  made  that  the  stress 
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corrosion  cracking  is  influenced  by  the  crack  tip  slip  processes,  the  anodic  dissolution, 
the  electrochemical  reduction,  and  the  subsequent  hydrogen  absorption  leading  to 
hydrogen  embrittlement  [7,  21,  22,  26,  48,  71].  The  critical  combination  of  these 
processes  leading  to  SCC  can  be  considered  as  a  mechanism  of  environmentally 
assisted  crack  growth  [3,  21]. 

The  first  systematic  collaborative  experimental  studies  of  the  SCC  behavior  of  the 
4340  steel  probably  started  with  the  Round  Robin  test  program  using  the  wedge 
opening  load  (WOL)  specimens  initiated  in  1974  [20,  72]  and  involved  20  participating 
laboratories.  The  objective  of  this  research  was  to  develop  a  standard  test  procedure 
for  the  determination  of  the  threshold  stress  intensity  factor  using  the  WOL  specimens. 
Large  amount  of  data  from  the  experiments  on  4340  steel  with  ay  =  1254  MPa  showed 

values  of  KISCC  ranging  from  23.3  to  26.8  MPayjm  .  Experiments  conducted  by  the 
researchers  employing  the  WOL  and  CT  specimens  later  yielded  the  range  of  Klsll 
from  9.7  MPa 4m  (<7^  =  1682 MPa)  [73]  to  116  MPa4m  ( ay  =  985 MPa )  [74],  Resent 

research  by  Raman  et  al  [75,  76]  using  circumferential  notch  tensile  (CNT)  specimens 
as  a  substitute  for  traditional  CT  geometry  produced  values  of  Klsrc  close  to  15 

MPa4m  (<7^  =  1470 MPa).  In  the  present  work,  the  average  value  of  Klscv  for  AISI 

4340  with  cry =  1503  MPa  was  determined  to  be  11.07  MPa4m  which  is  very  close  to 

K,scc  =  1 1.9  MPa4m  determined  by  Hirose  and  co-workers  for  the  AISI  4340  steel  with 

the  yield  stress  equal  to  1530  MPa  [46].  The  values  of  threshold  stress  intensity  and 
plateau  crack  growth  velocity  available  from  the  research  results  reported  in  literature 
are  arranged  in  Table  8.  In  addition  to  yield  stress  values,  the  controlling  conditions 
during  the  experiment  and  the  specimen  types  are  specified  in  Table  8.  The  values  of 
threshold  stress  intensity  factors  obtained  in  the  current  investigation  are  compared  to 
the  data  from  the  literature  in  Fig.  15.  The  results  taken  from  the  literature  are 
represented  by  open  circles  and  the  results  of  the  present  experiments  are  shown  with 
filled  markers.  The  solid  line  represents  the  reference  exponential  fit  of  the  data  and  the 
dashed  lines  show  the  100%  spread  from  the  reference  line.  Significant  amount  of 
scatter  can  be  observed  in  Fig.  15  and  there  is  a  rather  large  variation  in  KIXT  values 

for  an  identical  yield  stress.  An  overall  tendency  of  decreasing  threshold  stress  intensity 
with  increase  in  crv  can  be  observed  despite  the  scatter.  It  can  be  seen  that  the  data 

obtained  in  the  present  investigation  falls  within  the  scattering  band  in  Fig.  15. 
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Table  8.  Results  of  SCC  of  AISI  4340  in  aqueous  environments  from  literature 


c» 

(MPa) 

(MPa- -fin) 

{da/dt)  p 
(mm/  s) 

Testing 

Method 

Specimen 

Type 

NaCI% 

Ref. 

1530 

1330 

11.9 

20.6 

4.0  xKT02 

1.5  xlO”02 

CL,  CD 

CT 

3.5 

[46] 

1201 

21.0 

RD 

CT 

SS 

[45] 

1700 

8.0  x  10-02 

CL 

DCB 

0 

[44] 

1240 

21.7-34.5 

CD 

WOL 

3.5 

[20] 

1240 

27.9  -33.4 

1.01  xlO^3 

~  1.35  x  10‘03 

CL,  CD 

CB,  WOL 

3.5 

[40] 

1379 

27.47 

1.35x1 0-03 

-4.66x1  O’03 

CL 

CB 

3.5 

[36] 

1103,  1240 

95.6,  40.7 

CD 

WOL 

SS 

[52] 

1379-1682 

9.7-  33 

CD 

WOL 

3.5 

[73] 

1312-1475 

16-22 

8.1  x  10-03 

CL 

SEN 

3.5 

[31] 

1388-  1554 

21  14-29.1 

1.33  xlO^3 

~  3.8  x  10"03 

CL 

3.5 

[52] 

970-1700 

3.4xi  O'03 

-l.OxKT01 

CD 

DCB 

0 

[25] 

1034,  1379 

12.1  -60.4 

CL 

CB 

3.5 

[49] 

1420 

2.5  x  10-02 

1.4  xlO-02 

CD 

WOL 

0,  3.5 

[22] 

1163 

35,  37.5 

1 . 1  x  10”06 

RD 

CT 

SS 

[58] 

1095 

83-89 

6.7  x  10-06 

~  1 .4  x  1 0”05 

RL 

CT 

SS 

[55] 

1027-1573 

8.57  -58.10 

RL,  CD 

CT,  WOL 

3.5 

[53] 

1689-1827 

15.38- 

17.58 

CL 

CB 

3.5 

[60] 

1470 

15 

CL 

CNT 

3.5 

[75] 

1612 

1498 

16.6 

6.0  xlO-03 

1.6x1  O'02 

CL 

CT 

0 

[23] 

{dal dt)  -  Average  plateau  crack  growth  rate 

CD  -  Constant  displacement  (decreasing  K)  control  during  the  experiment 
CL  -  Constant  load  (increasing  K)  control  during  the  experiment 
CK  -  Constant  K  control;  RL  -  Rising  load  experiment 
RD  -  Rising  displacement  (constant  rate  of  COD)  control 
SS  -  Simulated  seawater 

SEN  -  Single  edge-notched  specimen;  CNT  -  Circumferential-notched  specimen 
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Fig.  16  Plateau  velocity  as  a  function  of  yield  stress  for  AISI  4340  steel 


The  average  plateau  velocity  as  a  function  of  the  yield  stress  is  shown  in  Fig.  16  for 
the  4340  steel.  The  detailed  values  of  the  plateau  velocities  are  listed  in  Table  8  under 
the  column  “(da/dt)  "  The  open  circles  represent  the  results  from  the  literature  and 

the  solid  markers  are  the  results  obtained  from  the  current  study.  It  is  clear  that,  as  a 
general  tendency,  a  higher  yield  stress  results  in  a  higher  plateau  velocity. 


-25- 


In  addition  to  the  threshold  values,  the  constant  load  experiments  provide  the 

information  regarding  the  crack  incubation  time.  In  the  present  investigation,  the 

experiments  under  constant  load  control  revealed  that  the  incubation  time  is  practically 
zero  when  K  >  K1SCC  if  pre-cracking  is  done  with  a  low  A:,nax  and  crack  growth  is 
observed  directly  at  a  microscopic  level  (Table  3).  Previous  investigations  on  4340  with 
a  yield  strength  ay  =  1654 MPa  [66],  however,  demonstrated  the  existence  of  rather 

prolonged  incubation  times  (from  11  to  3000  minutes)  even  when  the  fatigue  pre¬ 
cracking  was  done  with  maximum  stress  intensities  lower  than  the  initial  values  of  K  in 
stress  corrosion  cracking.  The  difference  most  likely  can  be  explained  by  different 
definitions  of  the  incubation  time  concept.  While  in  the  current  investigation  the 
incubation  time  is  defined  as  a  time  required  for  a  crack  to  extend  by  0.01  mm,  the 

incubation  time  in  [66]  was  treated  as  time  when  the  crack  growth  rate  reaches  the 

plateau  regime. 

The  constant  COD  experiments  used  for  the  threshold  intensity  factor  determination 
can  take  very  long  time  (up  to  7,000  hours)  when  the  low  initial  values  of  K  are  applied 
[20].  Therefore,  efforts  were  directed  towards  developing  techniques  to  accelerate  the 
determination  of  the  threshold  [52-55],  Three  fracture  mechanics  based  testing 
approaches  (constant  load,  constant  displacement,  and  constant  displacement  rate) 
were  applied  and  compared  by  Dietzel  and  co-workers  [56]  in  the  experiments  on  2024 
aluminum  alloy.  The  resulted  values  of  KISCC  and  the  plateau  crack  growth  velocities 

were  very  similar  in  all  of  the  three  applied  testing  techniques  [56],  The  applicability  of 
rising  COD  control  to  the  SCC  experiments  was  further  investigated  with  other  metallic 
materials  including  AISI  4340  [16,  27,  54,  57,  58]  and  the  results  confirmed  that  the 
experiments  with  faster  constant  displacement  rates  can  be  used  in  place  of  time- 
consuming  constant  load  tests.  It  should  be  mentioned  that  the  degree  of  influence  of 
the  loading  rate  on  the  threshold  stress  intensity,  however,  depends  on  the 
manufacturing  process  applied  to  the  material.  Research  on  Ti  alloys  [77,  78] 
demonstrated  that  within  the  same  range  of  dK/dt  ,  age  hardened  and  cold  worked 
materials  exhibit  different  behavior  of  KISCC  as  a  function  of  loading  rate. 

In  the  present  investigation,  independence  of  both  the  threshold  stress  intensity 
factor  and  the  plateau  velocity  of  AISI  4340  of  the  testing  technique  was  confirmed  with 
the  experiments  in  the  3.5wt%  NaCI  solution.  It  was  observed,  however,  that  the 
linearly  increasing  COD  controlled  experiments  may  not  provide  a  complete  crack 
growth  curve  due  to  the  nature  of  variation  of  stress  intensity  factor  in  such  experiments. 
In  the  experiments  with  low  rates  of  COD,  the  value  of  K  stays  almost  constant  with  the 
crack  extension,  which  restricts  the  results  to  the  region  of  Stage  I  in  the  crack  growth 
curve.  Under  higher  values  of  displacement  rates,  Stage  I  is  missed  and  the 
experiment  can  yield  the  growth  data  starting  from  the  plateau  regime  which  may  give 
an  erroneous  estimation  of  the  threshold  stress  intensity.  In  order  to  maintain  an 
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increasing  K  with  time,  the  crack  opening  displacement  should  be  increased 
parabolically  (Fig.  7).  Based  on  the  results  obtained  in  the  present  investigation,  it  can 
be  stated  that  the  experiments  under  linearly  increasing  loading  are  preferable  when  the 
complete  description  of  the  three  stages  of  crack  growth  curve  is  required. 

It  has  been  observed  that,  in  general,  addition  of  NaCI  to  solution  decreases  the 
Stage  II  crack  growth  rate  in  high  strength  steels  [22,  62].  This  conclusion  is  based  on 
the  results  of  vast  amount  of  experiments  conducted  in  distilled  water  and  in  seawater 
substitute  (3.5%  NaCI  concentration).  To  the  best  of  authors’  knowledge,  a 
comprehensive  research  of  the  chloride  ions  concentration  influence  on  the  SCC  growth 
had  not  been  explored.  In  the  present  investigation,  it  was  determined  that  a  minor 
difference  in  sodium  chloride  concentration  can  cause  a  sudden  change  in  the  plateau 
crack  growth  rate.  The  experimental  results  obtained  from  nine  different  NaCI 
concentrations  in  distilled  water  reveal  that  the  crack  growth  curves  can  be  divided  in 
two  major  groups,  with  each  group  having  a  similar  Stage  II  crack  growth  velocity  (Fig. 
8).  The  first  group  behaves  close  to  SCC  in  distilled  water  and  corresponds  to  the 
concentrations  lower  than  0.01 1  wt%  NaCI.  The  SCC  behavior  of  the  second  group 
with  concentrations  higher  than  0.01 1  wt%  is  similar  to  that  in  seawater.  Therefore,  the 
0.011  NaCI  wt%  concentration  can  be  considered  as  a  critical  concentration  that 
influences  the  plateau  crack  growth  rate  in  the  high  strength  4340  steel  under 
investigation.  The  mechanism  of  such  an  influence  remains  unclear,  as  it  is  known  that 
an  increase  in  the  chloride  content  in  aqueous  solutions  enhances  the  growth  rates  in 
steels  with  a  yield  stress  less  than  1241  MPa  [79].  Therefore,  the  effect  of  the  chloride 
ions  concentration  depends  on  the  strength  and/or  heat  treatment  of  the  material.  The 
chloride  ions  in  the  solution  do  not  enter  the  hydrolysis  reaction  and  are  not  responsible 
for  hydrogen  reduction  [26].  As  a  result,  the  amount  of  hydrogen  available  for 
absorption  is  dependent  on  the  metal  ions  from  the  electrochemical  reaction  at  the 
crack  tip  and  not  on  the  chloride  content.  The  critical  concentration  phenomenon 
observed  in  present  work  requires  further  investigations  with  possible  physical 
explanation. 

While  the  plateau  velocity  depends  on  the  chloride  concentration,  the  intergranular 
fracture  mechanism  was  observed  to  be  independent  of  both  the  NaCI  content  and  the 
loading  mode.  It  is  known  that  the  high  strength  steels  are  susceptible  to  hydrogen 
assisted  cracking  [6-10,  15,  80],  Two  possible  mechanisms  of  hydrogen  embrittlement 
have  been  suggested:  influence  of  hydrogen  on  crack  tip  plasticity  and  grain  boundary 
decohesion  due  to  hydrogen  trapping  [15,  80-82],  Most  likely,  both  of  the  mechanisms 
are  present  in  the  SCC  of  the  high  strength  steels,  but  the  dominance  of  one  of  them 
depends  primarily  on  the  amount  of  hydrogen  traps  at  the  grain  boundaries,  i.e.,  the 
degree  of  phosphorus  or  sulfur  segregation  [80].  Experiments  on  double  vacuum  arc 
melted  Aermet  100  alloy,  which  is  free  of  grain  boundary  impurities,  revealed 
transgranular  fracture  mode  [7,  83].  In  addition,  unlike  air  melted  4340  steel,  Aermet 
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100  displayed  sensitivity  of  KISCC  to  the  chloride  concentration  [83].  Intergranular 

cracking  in  4340  steel  together  with  rather  high  crack  growth  velocities  observed  in  the 
present  experiments  suggest  that  the  stress-controlled  and  brittle  cracking  mode  due  to 
reduced  inergranular  cohesion  dictate  the  fracture  in  the  material  under  investigation. 

For  the  geometry  of  the  specimen  (Fig.  2)  with  2 RIW  =  1.33,  the  following  formula 
[84]  can  be  used  to  theoretically  determine  the  crack  opening  displacement  (S), 


V  2  P  J 


=  1 .742  -  0.495a  +  14.71  a2  -  22.06 a*  +  1 4.44a4 


(2) 


where  E  is  the  modulus  of  elasticity,  a  is  the  crack  length  measured  from  the  line  of 
externally  applied  load  P,  and  W  and  B  are  the  width  and  the  thickness  of  the  specimen, 
respectively.  In  experimental  practice,  the  crack  length  can  be  obtained  from  Eq.  [2] 
when  the  COD  and  applied  load  are  recorded  during  the  experiment. 


Comparison  between  measured  and  calculated  crack  length  is  made  in  Fig.  17  using 
the  data  from  the  two  specimens  tested  under  dP / dt  =  0.1jV / sec  control.  Markers 
represent  the  experimentally  measured  crack  extension  using  the  optical  microscope 
and  the  lines  represent  the  solution  of  Eq.  [2]  based  on  the  recorded  values  of  the 
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applied  load  and  the  measured  COD.  It  can  be  seen  that  overall  the  crack  length 
calculated  based  upon  the  stress  intensity  factor  using  Eq.  [2]  is  in  the  good  agreement 
with  the  values  obtained  by  direct  observation  using  a  reading  microscope,  especially  in 
the  plateau  region.  However,  Eq.  [2]  is  based  on  the  assumption  of  single  main  crack  in 
the  specimen.  When  the  crack  extension  is  deduced  from  Eq.  [2],  the  phenomenon  of 
branching  can  be  overlooked  and  rather  erroneous  results  are  obtained  (Fig.  17). 
Optical  in  situ  measurement  of  crack  growth  provides  unique  and  valuable  information 
allowing  registration  of  every  minor  detail  in  crack  growth  behavior  and  thus  providing 
accurate  results.  The  above  arguments  can  be  also  extended  to  the  case  of  potential 
drop  technique. 

1.5  STRESS  CORROSION  CRACKING  EXPERIMENTS  OF  4340  STEEL  IN  SILICON 
OIL,  IN  PARAFFIN,  AND  IN  DRY  AIR 

Experiments  were  conducted  for  possible  stress  corrosion  of  the  4340  steel  in  silicon 
oil  and  in  paraffin.  Both  silicon  oil  and  paraffin  were  chemically  pure  (100%  pure, 
insoluble  in  water).  The  specimens  used  were  identical  to  those  shown  in  Fig.2  and  the 
experimental  setup  shown  in  Fig.  3  was  used  for  the  stress  corrosion  experiments  in 
silicon  oil  and  in  paraffin.  In  silicone  oil,  the  specimens  were  loaded  at  two  different 
loading  rates:  0.1  N/s  and  0.2  N/s  until  the  load  reached  0.5  kN.  Thereafter,  the  load 
was  controlled  constant.  In  paraffin,  the  initial  loading  rate  was  0.1  N/s.  The  load  was 
kept  constant  during  the  stress  corrosion  experiment  after  reaching  0.4  kN.  Kiscc  was 
determined  when  the  crack  started  to  propagate  for  approximately  0.01  mm. 

Environmentally  assisted  crack  growth  in  4340  steel  occurred  in  both  silicone  oil  and 
paraffin.  Figure  18  shows  the  crack  growth  rate  as  a  function  of  stress  intensity  factor. 

Kiscc  was  found  to  be  16.5  MPa4m  and  12.0,  respectively,  in  silicon  oil  and  in  paraffin. 
General  cracking  phenomenon  is  similar  to  that  occurs  in  water  and  NaCI  solution  but  at 
a  much  lower  velocity  (Fig.  19).  Right  after  Kiscc.  the  crack  growth  rate  reached  a  high 
value.  This  velocity  gradually  decreased  with  increasing  K.  It  was  found  that  the 
surface  crack  profile  (refer  to  Fig.  20)  of  SSC  in  silicon  oil  is  also  very  similar  to  that  in 
NaCL  solution:  the  crack  propagation  consists  of  a  number  of  small  steps  (“cells”)  in 
which  the  crack  is  separated  in  two  branches  which  later  tend  to  merge 
together(compare  to  Fig. 12  for  experiments  in  NaCI  solution). 
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Fig.  18  Crack  growth  rate  versus  the  stress  intensity  factor  for  the  SCC 
experiments  in  silicon  oil  and  paraffin 
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Fig.  19  Comparison  of  SSC  results  in  aqueous  NaCI  solution  and  those  in  silicon 
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(a)  t=2358s,  K=12.9MPaVm  (b)  t=3185s,  K=17.4MPaVm 


(c)  t=3467s,  K=19MPa\m 


(d)  t=4482s,  K=30MPa\Vn 

Fig.  20  Surface  crack  profile  during  stress  corrosion  of  4340  steel  in  silicon  oil 


Experiments  were  also  conducted  to  check  whether  or  not  stress  corrosion  occurred 
in  dry  air  (relative  humidity  =12%)  at  room  temperature.  A  specimen  was  loaded  at  a 
rate  of  2.0  N/s  until  the  load  reached  4.8  kN,  and  the  load  was  then  kept  constant  in  the 
rest  of  the  experiment  (refer  to  Fig.  21).  Corresponding  to  an  applied  load  of  4.8  kN,  the 

stress  intensity  factor  is  67  MPaylm  .  Figure  21  shows  the  loading  history  and  the 
photographs  taken  on  the  specimen  surface  at  different  values  of  the  stress  intensity 
factor.  It  can  be  found  that  the  crack  tip  experienced  plastic  deformation  as  the  load 
increased.  No  crack  advance  was  detected  after  holding  the  specimen  at  a  constant  K 
for  more  than  15  hours.  It  should  be  noticed  that  a  stress  intensity  factor 
is  close  to  the  fracture  stress  intensity  factor  of  the  material. 


of  67  MPayfni 
of  67  MPci'fm 
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0.2mm 


t=3188s  t= 11 000s  t= 15875s  t=20000s  t=20800s~56000s 

K=1 9.8  MPaJ  m  K=41 .4  MPa^fm  K=54.8  MPa4m  K=67  MPa^j  m  K=67  MPaJm 

Fig.  21  SCC  behavior  of  4340  steel  in  dry  air  at  room  temperature 
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Stress  Intensity  Factor  (MPaVm) 


0.2mm 


(b)  Time=150  days 


Fig.  22  Surface  crack  observation  of  a  CT  specimen  made  of  4340  steel  subjected 
to  a  constant  stress  intensity  factor  (30  MPa 4m  ) 

Another  stress  corrosion  cracking  experiment  in  dry  air  (12%  relative  humidity,  room 
temperature)  was  conducted  at  a  constant  K  using  a  specially  designed  loading  fixture. 
The  specimen  was  pre-cracked.  A  constant  stress  intensity  factor  of  30  MPa4m  was 
applied  to  the  specimen.  No  crack  advance  was  detected  after  three  months  (see  Fig. 
22).  In  fact,  the  specimen  was  checked  recently  after  more  than  two  years  and  no  crack 
propagation  was  found.  It  can  be  concluded  that  no  stress  corrosion  occurs  in  4340 
steel  in  dry  air  (12%  relative  humidity)  at  room  temperature. 


1.6.  CONCLUSIONS 

Based  on  the  experimental  results  of  the  stress  corrosion  cracking  (SCC) 
experiments  on  the  AISI  4340  steel  (yield  stress=1503  MPa),  the  following  conclusions 
can  be  drawn, 

1.  KISCC  and  the  plateau  velocity  are  not  significantly  influenced  by  the  loading  rate. 

2.  Stage  I  crack  growth  can  be  obtained  only  when  the  loading  rate  is  low. 

3.  COD  rate  control  does  not  provide  an  avenue  for  the  experimental  determination  of 
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a  complete  stress  corrosion  (da/dt-K)  curve. 

4.  For  4340  steel,  a  load-control  experiment  can  provide  reasonable  stress  corrosion 
results. 

5.  While  the  threshold  stress  intensity  is  not  influenced  by  NaCI  concentration,  the 
plateau  crack  growth  velocity  depends  on  concentration  of  chloride  ions.  A  critical 
concentration  of  0.011%  was  found  to  be  a  demarcation  line  between  plateau 
velocities  close  to  distilled  water  and  plateau  behavior  similar  to  that  in  3.5%  saline 
solution. 

6.  The  cracking  mechanism  was  observed  to  be  intergranular  and  does  not  depend  on 
loading  type  or  NaCI  concentration. 

7.  Stress  corrosion  cracking  was  observed  in  silicone  oil  and  paraffin  and  the  general 
cracking  phenomenon  was  similar  to  that  occurred  in  water  and  NaCI  solution  but  at 
a  much  lower  velocity.  Right  after  Kiscc,  the  crack  growth  rate  reached  a  high  value. 
This  velocity  gradually  decreased  with  increasing  K. 

8.  No  stress  corrosion  cracking  occurred  in  4340  steel  in  dry  air  (12%  relative  humidity) 
at  room  temperature. 
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II.  7075-T651  ALUMINUM  ALLOY 


11.1.  INTRODUCTION 

High  strength  Al-Zn-Mg-Cu  aluminum  alloys  (7XXX  series)  are  widely  used  in 
heavily  loaded  aircraft  structures  due  to  their  high  strength-to-density  ratio.  However, 
this  series  of  aluminum  alloys  is  potentially  susceptible  to  stress  corrosion  cracking 
(SCC),  particularly  in  aqueous  solutions  containing  chloride  ions.  The  susceptibility  of 
aluminum  alloys  to  SCC  in  a  corrosive  environment  can  be  evaluated  using  the  pre¬ 
cracked  specimens  in  terms  of  the  threshold  stress  intensity  factor  for  SCC  ( Klscc )  and 

the  crack  growth  rate  (da/dt)  [85].  For  a  pre-cracked  specimen  of  a  commercial  high 
strength  aluminum  alloy,  the  curve  of  the  crack  growth  rate  (da/dt)  versus  stress 
intensity  factor  (K)  generally  exhibits  two  distinguishable  stages  [86-88],  The  crack 
propagation  rate  increases  sharply  with  stress  intensity  factor  in  stage  I  while  is 
independent  of  stress  intensity  in  stage  II.  Lee  et  al.  [88]  suggested  that  SCC  was 
dominated  by  anodic  dissolution  (AD)  in  stage  I  and  by  hydrogen  embrittlement  (HE)  in 
Stage  II.  Endo  et  al.  [89]  pointed  out  that  K1SCC,  the  crack  growth  rate  in  stage  II,  and 

SCC  mechanism  depended  on  specimen  thickness  which  determined  the  constraint 
condition  (plane  stress  or  plane  strain  condition)  at  the  crack  tips.  With  the  increase  of 
specimen  thickness,  KISCC decreased,  while  the  crack  growth  rate  in  Stage  II  increases 

and  became  dependent  on  the  stress  intensity  factor  [89], 

SCC  of  aluminum  alloys  is  strongly  sensitive  to  environmental,  metallurgical,  and 
mechanical  factors.  The  influence  of  various  environmental  variables,  such  as  the 
humidity  of  air,  viscosity,  temperature,  acidity  of  the  corrosive  medium,  and  the  type  and 
concentration  of  anions,  on  the  SCC  behavior  of  high  strength  aluminum  alloys  has 
been  studied  [86-88,  90-93].  Speidel  [86]  reported  that  the  rate  of  SCC  growth  in  an 
aluminum  alloy  in  air  increased  monotonically  as  humidity  of  air  was  increased. 
Different  effects  of  various  anions  on  SCC  kinetics  in  aluminum  alloys  were  also 
demonstrated  [87],  Le  et  al.  [91-92]  investigated  the  SCC  behavior  of  7075-T651  in 
various  electrolytes.  It  was  found  that  an  increase  in  the  chloride  ion  content  of 
environment  up  to  0.6M  enhanced  the  SCC  growth  rate,  and  the  cracking  was  slower  at 
higher  concentrations.  Great  efforts  have  been  made  to  increase  the  stress  corrosion 
resistance  (SCR)  of  high  strength  aluminum  alloys  by  optimization  of  microstructure  via 
heat  treatment  [93-109],  Over-aging  of  7xxx  series  showed  high  SCR  but  a 
considerable  loss  in  strength  [93].  The  retrogression  and  re-aging  (RRA)  applied  to 
7075-T6  aluminum  alloy  can  result  in  the  highest  improvement  in  SCR  with  negligible 
reduction  in  strength  [96-97], 

It  was  generally  accepted  that  a  tensile  stress  is  a  necessary  condition  for  onset  of 
stress  corrosion  cracking.  However,  it  has  been  shown  that  SCC  can  also  occur  under 
compressive  loads  in  aluminum  alloys  [110].  The  threshold  stress  intensity  nucleating 
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SCC  from  the  notched  7075  aluminum  alloy  in  a  3.5%  NaCI  aqueous  solution  under  the 
compressive  applied  stress  is  much  higher  than  that  under  tensile  stress.  At  the  same 
stress  intensity  factor,  the  incubation  period  for  SCC  under  compressive  stress  is  one 
order  of  magnitude  longer  than  the  corresponding  value  under  tensile  stress  [1 1 0],  Pre¬ 
straining  or  pre-stressing  which  introduces  a  residual  tensile  or  compressive  stress  can 
also  have  a  significant  effect  on  subsequent  stress-corrosion  behavior.  It  was  observed 
that  tensile  overloads  generally  resulted  in  an  increased  incubation  time  in  the  case  of 
7075-T651  aluminum  alloy.  Moreover,  incubation  time  increases  with  increasing 
overload  magnitude  [111].  At  the  same  time,  the  experiments  in  3.5%  NaCI  seawater 
substitute  solution  with  periodic  overloads  display  a  great  decrease  in  corrosion  fatigue 
life  of  7075-T651  alloy  [112].  It  was  observed  that  in  7017-T651  aluminum  alloy  the 
tensile  residual  stress  developed  at  the  notch  tip  after  compressive  pre-stressing 
resulted  in  SCC  in  moist  air  even  though  no  external  load  was  applied  [113].  Clark  [114] 
reported  that  notched  specimens  of  4340  steel  exhibited  an  increased  resistance  to 
SCC  initiation  when  preloaded  in  tension  and  a  decreased  resistance  when  preloaded 
in  compression.  As  a  practical  technique,  pre-stressing  by  controlled  shot  peening  to 
induce  compressive  residual  stress  at  the  surface  material  can  improve  the  fatigue 
resistance  and  stress  corrosion  resistance  of  5000  and  7000  series  aluminum  alloys 
[115].  Transient  effects  are  observed  following  low-high  “step”  load  changes  during 
stress  corrosion  tests  [116].  It  was  reported  that  the  SCC  resistance  of  a  notched 
specimen  can  be  increased  by  initially  stressing  it  below  the  Klscc  level.  It  is  best  not  to 

increase  the  load  stepwise  during  SCC  tests  in  order  to  determine  the  KISCC  accurately 
[117-118], 

Structural  members  typically  experience  a  spectrum  of  loads  in  service.  Therefore,  it 
is  of  interest  to  know  how  complicated  loading  history  affects  the  subsequent  SCC 
behavior.  The  aim  of  this  work  is  to  present  a  set  of  experimental  results  which 
describe  the  effects  of  load  level  in  terms  of  stress  intensity  factor  (  K  )  and 
overload/underload  percentage  on  incubation  time  and  stress  corrosion  crack  velocity  of 
7075-T651  aluminum  alloy.  Also,  the  effect  of  high-low  sequence  loading  on  the  SCC 
behavior  of  the  material  was  investigated. 

11.2.  EXPERIMENTAL  PROCEDURE 

The  material  used  for  SCC  tests  was  hot-rolled  plate  of  7075-T651  aluminum  alloy 
with  a  thickness  of  52.7mm.  The  microstructure  of  as-received  rolled  alloy  under 
investigation  is  shown  in  Fig.  23  as  a  3D  image  illustrating  the  directionality  of  grains. 
The  etchant  used  in  microscopic  examination  was  Keller’s  reagent  (2ml  HF  (48%),  3ml 
HCI,  5ml  HNO3,  and  190  ml  H2O).  The  dark  particle-like  precipitates  in  the 
microstructure  are  Cr2Mg3Ali8  and  (Fe,Mn)Al6.  Fibrous  grains  were  observed  along  the 
direction  of  rolling.  The  average  thickness  of  grains  was  approximately  seven  microns. 
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Fig.  23  Microstructure  of  7075-T651  aluminum  alloy 


Static  material  properties  were  determined  from  the  monotonic  loading  experiments 
performed  on  the  dog-bone  shaped  plate  specimens.  The  experiments  were  conducted 
on  the  specimens  cut  in  three  directions  of  the  rolled  plate  following  the  designation 
shown  in  Fig.  23.  Three  specimens  were  tested  in  each  direction  and  the  average 
values  of  the  material  properties  are  listed  in  Table  9.  The  monotonic  curves  are 
displayed  in  Fig.  24.  It  can  be  seen  that  the  lowest  ductility  and  the  lowest  yield  stress 
are  observed  in  short  transverse  direction  (S),  which  corresponds  to  the  axis  of  loading 
in  the  CT  specimens  shown  in  Fig.  25.  SCC  sensitivity  of  metals  depends  on  grain 
boundary  orientation  [119]  and  rolling  direction.  In  7075  alloy,  S-L  specimens  show 
intergranular  SCC  and  higher  sensitivity  to  SCC  [120]  while  T-L  specimens  show  much 
less  sensitivity  to  SCC  [121].  In  addition,  it  has  been  determined  that  variation  of  the 
precipitates  and  dislocation  structures  does  not  influence  directional  sensitivity  to  stress 
corrosion  [122], 
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Table  9.  Static  material  properties  of  7075-T651  aluminum  alloy  (E  =  72  GPa) 

S  L  T 


Yield  Stress  (0.2%  offset)  ay  (MPa) 

Ultimate  Strength  cru  (MPa) 

Engineering  Fracture  Strain  ef 
Monotonic  Strength  Coefficient  K  (MPa) 
Monotonic  Strength  Hardening  Exponent  n 


421.0 

494.0 

487.0 

462.7 

563.0 

540.0 

0.018 

0.088 

0.064 

601.2 

638.3 

595.7 

0.058 

0.047 

0.032 
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Fig.  24  Monotonic  tensile  curves  of  7075-T651  aluminum  alloy 


Compact  tension  (C(T))  specimens  of  7075-T651  aluminum  alloy  were  used  in  SCC 
experiments.  The  specimen  dimensions  are  shown  in  Fig.  25(a).  The  specimens  were 
cut  from  the  rolled  plate  in  the  S-L  (Short  Transverse  -  Longitudinal)  direction  as  shown 
in  Fig.  25(b).  In  the  SCC  experiments,  the  stress  was  applied  in  the  short  transverse 
direction  to  the  grain  structure,  and  SCC  growth  was  in  the  longitude  direction.  The 
thickness  of  the  specimens  was  3.8  mm.  Notches  were  cut  using  the  EDM  (electro¬ 
discharge  machine)  process  in  order  to  investigate  the  notch  effect  on  fatigue  crack 
initiation,  which  is  not  reported  in  the  current  study.  One  side  of  the  specimens  was 
polished  in  order  to  facilitate  the  observation  of  crack  growth.  The  specimens  were 
placed  into  ultrasonic  cleaner  prior  to  testing  to  remove  the  residual  materials  from 
machining  and  polishing. 
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2x08 


(a)  (b) 

Fig.  25  Compact  specimen  used  in  the  SCC  experiments  (all  dimensions  are  in 
mm):  (a)  specimen  and  (b)  orientation  of  the  specimens  with  respect  to  the  rolling 

axis 
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Fig.  26  Experimental  setup  for  SCC  experiments 
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The  SCC  experiments  were  performed  in  the  aqueous  solution  containing  0.6M  (3.5 
wt%)  sodium  chloride,  0.02M  sodium  dichromate,  0.07M  sodium  acetate,  plus  0.389M 
acetic  acid  to  pH=4.  The  solution  can  prevent  formation  of  corrosion  products  and 
facilitate  observation  of  cracks  [123-124],  Load  was  applied  to  the  specimens  via  the 
commercially  supplied  and  calibrated  load-rings  (O-rings).  The  deflection  of  the  loading 
ring  was  measured  with  digital  indicator  mounted  on  the  stand.  The  experimental  setup 
is  shown  in  Fig..  26.  The  specimen  was  placed  into  a  transparent  acrylic  chamber 
containing  the  corrosive  solution.  The  volume  of  the  chamber  was  one  liter.  To 
measure  the  crack  length,  a  long-distance  traveling  microscope  with  an  accuracy  of 
readings  of  0.001  mm  was  used.  Measurements  were  done  by  an  eight-hour  interval. 
The  crack  length  was  measured  on  one  side  of  the  specimen.  No  aeration  was 
supplied  during  the  experiments.  Solution  in  the  chamber  was  replaced  weekly.  During 
the  SCC  experiments,  no  protective  coating  was  applied  to  the  surfaces  of  the 
specimens,  and  the  specimens  were  not  deliberately  isolated  from  the  loading  system. 
Although  galvanic  coupling  between  the  testing  specimen  and  the  loading  system  was 
inevitable,  the  crack  growth  at  the  crack  tip  was  not  observed  after  three  months  when 
the  applied  load  was  much  lower  than  KISCC .  Therefore,  the  influence  of  galvanic 

corrosion  on  the  SCC  results  (incubation  time  and  crack  growth  rate)  in  this  study  was 
insignificant.  All  the  experiments  were  conducted  at  room  temperature  under  free 
corroding  conditions.  Details  of  the  experiments  are  summarized  in  Tables  10-12. 


Table  10.  SCC  tests  on  effect  of  stress  intensity  factor  on  incubation  time  (3.5% 

wtNaCI,  0.6  M) 


Spec.  # 

P,  (kN) 

ai  (mm) 

a  f  (mm) 

K,  (MPa  Am) 

‘,nc  (  ?) 

t/raAs) 

(da/ dt)  p 
(mm/  s) 

SL51 

0.76 

14.07 

38.702 

5.8 

407,850 

1,679,140 

1.61e-5 

SL76 

0.90 

14.04 

37.623 

6.8 

323,902 

4,197,683 

1 ,69e-6 

SL39 

1.02 

14.21 

26.520 

80 

190,834 

1,307,914 

1.81e-5 

SL33 

1.28 

14.01 

>23.58 

9.8 

132,374 

>1,716,794 

4  05e-6 

SL41 

1.28 

14  18 

21.812 

10.0 

118,874 

853,062 

1.44e-5 

SL37 

1.58 

14  37 

28.525 

12.2 

87,197 

785,529 

2.10e-5 

SL77 

2.08 

14.16 

>17.363 

16.0 

36,442 

604,391 

9.10e-6 

Note:  Pt  -Initial  applied  load  A'  -Initial  applied  stress  intensity  factor 

a,  -Initial  crack  length  a{  -Crack  length  at  failure  of  specimen  or  termination  of  test 

tinc  -Incubation  time  tfra<  -failure  time  (da / dt)  r -average  plateau  velocity 
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Table  11.  SCC  tests  on  effect  of  overload/underload  on  incubation  time  (3.5%  wt 


NaCI,  0.6M) 


Spec.  # 

OL/UL  (%) 

P,(kN) 

a ,  (mm) 

- - - 

a ,  (mm) 

(MPaJm) 

t,nc  (*) 

(da/dt)  p 
(mm  I  s ) 

SL49 

OL25% 

1.30 

13.99 

23.12 

9.97 

160,554 

1,185,560 

3.41e-5 

SL45 

OL50% 

1.32 

14.08 

25.61 

10.10 

432,100 

- 

1.51e-5 

SL50 

OL75% 

1.27 

14.19 

27.49 

9.83 

332,848 

1,298,675 

2.06e-5 

SL47 

OL100% 

1.31 

14.18 

17.41 

9.93 

913,099 

1,065,827 

1.85e-5 

SL46 

0L125% 

1.13 

17.08 

25.86 

10.32 

940,051 

1,322,839 

2.75e-5 

SL44 

UL50% 

1.32 

14.07 

30.24 

9.93 

102,644 

1,059,503 

2.34e-5 

SL48 

UL100% 

1.30 

14.11 

26.35 

9.84 

79,423 

- 

1.48e-5 

Note:  OL/UL  -Overload  or  underload  percentage  (dal dt)  p -average  plateau  velocity 


Table  12.  Effect  of  high  -low  sequence  loading  on  SCC  (3.5%  wt  NaCI,  0.6M) 


Spe 

c.# 

Step  1  (High  load) 

Step  2  (Low  load) 

P, 

(kN) 

a, 

(mm) 

K 

MPayfn* 

'*<«> 

I'* 

_ In _ 

(dal  dt) 

(mm/  s) 

P,(*N) 

al  (mm 

K, 

MPayfm 

tmAs) 

'/«(*) 

(da  /  dt)  p 
(mm/  s) 

SL45 

1.316 

14.08 

1010 

432,100 

15.34 

1.51e-5 

0.66 

22.01 

8  27 

466,389 

923,880 

8.26e-6 

SL48 

1.299 

14.11 

9  84 

79,423 

12.27 

1  48e-5 

0.942 

20.77 

10.7 

174,140 

521,279 

1.34e-5 

Note:  K,  -stress  intensity  factor  when  the  first  step  is  terminated 
(dal dt)  -average  plateau  velocity 


Three  types  of  SCC  tests  were  designed  to  investigate  the  influences  of  loading 
level  and  loading  history  on  the  SCC  behavior  of  7075-T651  aluminum  alloys:  (1)  SCC 
at  different  initial  loading  levels,  represented  by  stress  intensity  factor  (Table  10);  (2)  the 
effect  of  overload/underload  on  SCC  behavior  at  the  same  initially  applied  loading  level 
(Table  11);  and  (3)  effect  of  high-low  sequence  loading  on  SCC  behavior  (Table  12).  In 
a  high-low  sequence  loading  test,  the  SCC  test  was  interrupted  when  the  stable  crack 
growth  was  established,  followed  by  a  load  level  reduction  to  a  pre-selected  level  as 
listed  in  Table  12. 

Prior  to  SCC  testing,  the  specimens  were  pre-cracked  to  4  mm  using  a  servo- 
hydraulic  machine  in  tension-tension  loading.  Pre-cracks  were  formed  in  ambient  air  by 
fatigue  loading.  After  pre-cracking,  tensile  or  compressive  overloads  were  applied  to 
selected  specimens  to  study  the  effect  of  loading  history  on  subsequent  stress  corrosion 
cracking  behavior.  The  rest  of  the  specimens  were  tested  in  corrosive  environments 
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without  application  of  overloading.  In  this  case,  the  initial  applied  stress  intensity  factor 
for  SCC  experiments  was  always  2  MPaJm  higher  than  the  maximum  stress  intensity 
factor  applied  during  pre-cracking.  The  primary  result  was  recorded  as  experimental 
data  containing  values  of  load  calculated  from  the  ring  deflection,  crack  length,  and  time. 
The  crack  growth  rate  was  determined  from  the  experimentally  obtained  measurement 
of  the  crack  length  as  a  function  of  time.  A  parabolic  curve  was  used  to  best  fit  seven 
consecutive  points  in  the  crack  length  versus  time  curve.  The  crack  growth  rate  was 
obtained  by  taking  the  derivative  of  the  fitting  curve  for  the  middle  point. 

For  the  geometry  of  the  specimen  shown  in  Fig.  25,  the  stress  intensity  factor  was 
calculated  using  the  following  equation  [125]: 


(3) 


where: 


(4) 


The  symbol  B  in  Eq.  (1)  denotes  the  thickness  of  the  C(T)  specimen  and  W  is  the 
distance  between  the  applied  force  P  and  the  left  edge  of  the  specimen  (refer  to  Fig. 
25).  The  symbol  a  in  Eq.  (2)  is  the  crack  length  measured  from  the  line  of  the 
application  of  the  external  load,  P  [125], 

It  should  be  mentioned  that  the  compressive  deflection  of  the  loading  ring  changes 
(decreases)  with  the  crack  extension  during  the  stress  corrosion  experiment,  thus 
decreasing  the  applied  load.  Under  this  loading  condition,  the  stress  intensity  factor 
initially  keeps  approximately  constant  and  later  decreases  continuously  with  the  crack 
extension.  In  order  to  conduct  experiments  with  increasing  K  condition,  spring 
washers  with  the  spring  constant  equal  to  2~4  kN/mm  were  placed  in  series  with  the 
loading  ring.  With  a  different  combinations  of  the  spring  washers,  both  increasing  K 
and  decreasing  K  can  be  achieved  with  the  extension  of  the  crack  length. 

The  mechanical  system  shown  in  Fig.  26  can  be  schematically  modeled  by  Fig.  27. 
kx,  k2,  and  Z3  represent  the  stiffness  values  of  the  spring  washers,  O-ring,  and  cracked 

specimen,  respectively.  AZ, ,  ALj ,  and  AZj  are  their  extensions  under  load  P.  AZ2  is 
experimentally  measured  and  the  total  deflection  A Z  ( AZ,  +  A +  AZ, )  is  controlled 
constant  in  a  test.  Therefore, 


P  =  Z,  AZ,  =  Z2AZ2  =  Z,AZ, 


(5) 


AZ  —  AZ,  +  AZ2  +  AZ3 


(6) 
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Assuming  that  A L}  is  equal  to  the  COD  through  the  loading  line,  can  be  expressed  as 
[125], 


k,=- 


V2(a/w)  = 


A  l2  BV2(a/w) 
1  +  a/w 


1  -a/w j 


2.163  + 12.219  — -20.065 

U’ 


fa] 

2 

l- 

-0.9925 

v»’y 

WJ 

+20.609 


a  ' 


ywj 


-9.9314 


-T 


(7) 


(8) 


Q 


✓77 77 


Fig.  27  Schematic  representation  of  the  loading  system 
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Fig.  28  Variation  of  stress  intensity  factor  with  crack  length  with  and  without 

spring  washers 

where  E  is  the  elasticity  modulus  of  the  specimen.  dP/dk ,  can  be  calculated  by  using, 


dP/dk,  = 


V 


^12  ky 


A  L 


(9) 


where  kl2  is  the  effective  stiffness  of  the  spring  washers  and  O-ring.  The  smaller  kn 
value,  the  smaller  dP/dk%.  With  spring  washers,  the  overall  stiffness  of  the  system  was 

reduced,  allowing  for  continuous  increase  in  stress  intensity  factor  within  the  duration  of 
experiment.  A  comparison  of  the  relationship  between  stress  intensity  factor  and  crack 
length  with  and  without  spring  washers  is  shown  in  Fig.  28. 


11.3.  RESULTS 

The  primary  data  collected  as  a  result  of  the  experiment  were  the  applied  load,  the 
crack  length,  and  the  elapsed  time.  Equation  (3)  was  used  to  determine  the  stress 
intensity  factor  for  a  given  time  with  known  applied  load  and  crack  length.  To  determine 
the  crack  growth  rate,  a  parabolic  curve  was  adopted  to  best  fit  a  set  of  seven 
successive  data  points  in  the  experimentally  obtained  relationship  between  the  crack 
length  and  time.  The  crack  growth  rate  at  the  middle  point  was  determined  from  the 
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derivative  of  the  parabola.  Detailed  experimental  results  are  tabulated  for  each 
specimen  tested  in  Appendix  B  for  7075T651  aluminum  alloy. 


11.3.1.  Typical  Features  of  Stress  Corrosion  Cracking  Behavior 

A  photograph  of  a  typical  cracking  scenario  observed  in  the  present  work  is  shown  in 
Fig.  29  together  with  the  crack  extension  data  collected  during  the  experiment.  Three 
crack  growth  stages  can  be  identified  during  SCC  of  7075  aluminum  alloy:  incubation, 
transient  growth,  and  stable  growth.  During  incubation  stage  load  was  applied  but  crack 
growth  was  not  detected.  In  the  transient  (slow)  growth  stage,  the  crack  growth  rate 
was  slow  with  an  average  value  of  approximately  10"*  mm/s.  During  stable  (fast)  growth 
stage,  crack  extended  at  an  approximately  constant  rate  of  approximately  2xl0~5  mm/s 
until  fracture.  Similar  observations  of  three  distinct  stages  in  the  stress  corrosion 
cracking  of  aluminum  alloys  in  bulk  chloride  containing  solutions  were  observed  by  Lifka 
[126]  and  Dorward  and  Hasse  [127]. 
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Fig.  29  Typical  SCC  behavior  with  initial  applied  stress  intensity  factor  of  14 

MPa  4m 


Generally,  stress  corrosion  crack  initiates  at  the  crack  tip  produced  by  fatigue  pre¬ 
cracking.  Sometimes  the  stress  corrosion  crack  may  nucleate  in  the  vicinity  of  fatigue 
crack  tip  and  form  an  “attached”  crack,  which  with  subsequent  growth  becomes  the 
main  crack  connected  to  the  tip  of  the  pre-crack.  In  order  to  determine  an  accurate 
incubation  time  in  this  study,  the  pictures  of  the  region  around  the  fatigue  crack  tip  were 
captured  periodically  and  compared.  Detailed  study  of  SCC  incubation  behavior  has 
been  performed  by  Dorward  and  Hasse  [127]  and  it  has  been  noticed  that  the  values  of 
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incubation  time  depended  on  the  definition  of  the  crack  incubation  period.  In  the 
present  study,  the  incubation  time  is  defined  as  the  average  of  two  time  intervals  during 
which  initial  pre-crack  started  to  grow  by  approximately  0.05  mm. 


E 

E 

CD 


O) 

c 

<D 

_l 

o 

ro 

o 


16.0  i 

15.5- 

15.0- 

14.5- 

■ 

14.0  -••  • 

13.5-  _ 


1/2. 


•  SL33  (Kj=9.8MPa  m  ) 


1/2. 


SL37  (K=12.4MPa  m  ) 


Transient  Stage 


.  •••  ** 


•  •  • 


Transient  Stage 


1 - 1 - 1 - 1 - 1 - r~ 

0  100  200  300  400  500 

Time  (s) 


600x10" 


Fig.  30  Typical  transient  stage  for  SCC  crack  growth 

After  a  stress  corrosion  crack  was  initiated,  the  crack  propagated  slowly,  sometime 
advanced  with  a  decreasing  growth  rate,  or  even  stopped  growth  temporally,  forming  a 
so-called  “transient  stage”,  as  shown  in  Fig.  30.  It  is  highly  probable  that  the  SCC 
nucleates  first  on  the  specimen  surface  but  does  not  penetrate  through  the  thickness  of 
the  specimen.  The  local  stress  at  the  crack  tip  relaxes,  resulting  in  a  reduction  in  the 
crack  growth  rate.  During  this  stage,  the  stress  corrosion  crack  does  not  advance 
significantly,  but  sweeps  along  the  thickness  direction  until  it  penetrates  the  thickness. 
In  the  SCC  of  high  strength  Al-Zn-Mg-Cu  alloys  in  NaCI  aqueous  solutions,  Dorward 
and  Hasse  [124,  127]  observed  a  similar  slow  transient  process  by  which  the 
intergranular  stress  corrosion  crack  develops  from  the  predominantly  transgranular 
mechanical  pre-crack.  Connolly  et  al.  [128]  pointed  out  that  the  transition  from  the 
cracking  incubation  stage  to  the  high  rate  crack  growth  stage  is  dependent  on  the 
development  of  a  critical  crack  tip  chemistry.  Further  investigations  are  necessary  to 
elucidate  the  electrochemical  and  mechanical  processes  governing  the  cracking 
behavior  during  the  transient  stage. 
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Crack  Advance 


Fig.  31  Stress  corrosion  crack  observed  on  specimen  surface 


Fig.  32  Fracture  surface  during  early  phase  of  the  stable  growth  stage 

After  the  transient  stage,  a  stable  SCC  growth  can  be  established  with  the  main 
crack  penetrating  completely  through  the  thickness  of  the  specimen.  As  shown  in  Fig. 
31,  stress  corrosion  crack  propagates  in  a  jump  manner  along  grain  boundary  in  the  L 
direction.  Figure  32  shows  a  typical  fracture  surface  during  an  early  phase  of  the  stable 
growth  stage,  with  a  stress  corrosion  crack  length  of  3  mm  measured  from  the  pre¬ 
cracking  tip  on  specimen  surface.  A  clear  interface  (red  dashed  line)  exists  between  the 
SCC  zone  and  the  tensile  fracture  zone  under  monotonic  tension.  The  profile  of  the 
main  crack  front  appears  a  “C”  shape,  and  generally  such  a  shape  persists  until  final 
fracture.  This  indicates  that  stress  corrosion  cracks  start  on  the  specimen  surface  and 
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penetrate  the  thickness  of  the  specimen.  The  C-shaped  crack  front  profile  is  different 
from  that  generally  found  in  thick  specimens  by  other  researchers  who  reported  either 
“bowed”  crack  fronts  with  crack  being  longer  in  the  center  of  the  specimen  or  relatively 
straight  crack  front.  In  the  current  study,  the  crack  length  measured  on  one  side  of  the 
specimen  surface  was  used  to  calculate  the  crack  growth  rate  and  the  stress  intensity 
factor.  As  can  be  observed  in  Fig.  32,  even  during  the  stable  growth  stage,  a  new  crack 
can  appear  ahead  of  the  existing  main  crack  and  grows  independently  and  later 
combines  into  the  main  crack.  This  may  cause  the  growth  rate  of  the  main  crack  to 
slow  down.  The  nature  of  cracking  to  form  jogs  along  parallel  grain  boundaries  and  the 
morphology  of  the  main  crack  front  lead  to  the  conclusion  of  limited  applicability  of  the 
apparent  stress  intensity  factor  concept  [124].  The  local  effective  stress  intensities  at 
the  crack  tip  can  significantly  differ  from  the  macroscopic  values  calculated  based  on 
the  total  crack  length  measured  on  the  specimen  surface  [124].  Multiple  cracks  and 
branches  along  the  grain  boundaries  were  observed  and  these  cracks  tend  to  merge 
with  time  to  form  one  main  crack  [86,  124,  127,  129]. 

The  SEM  photographs  of  the  stress  corrosion  fracture  surface  are  shown  in  Fig.  33. 
The  fracture  mechanism  is  observed  to  be  a  mixture  of  intergranular  and  transgranular 
modes.  The  stress  corrosion  crack  surface  is  predominantly  intergranular  with  relatively 
flat  grain  boundaries  (Fig.  33(a)).  In  the  remaining  area,  ductile  transgranular  cracking 
with  the  presence  of  dimples  typical  for  mechanical  fracture  is  frequently  observed  (Fig. 
33  (b)).  In  the  central  region  of  crack  profile,  the  portion  of  the  transgranular  mode 
increases.  The  present  observations  are  in  agreement  with  earlier  fractographies 
observed  for  a  similar  material  [86,  1 1 1 ,1 30] 
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(b) 

Fig.  33  SEM  fractographs  of  SCC  zone 
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11.3.2.  Effect  of  Loading  Magnitude 

The  influence  of  initially  applied  stress  intensity  factor,  ranging  from  6  to  21.5 
MPa  \[m  ,  on  SCC  behavior  was  investigated  using  the  specimens  with  fatigue  pre¬ 
cracks.  For  each  specimen,  the  initially  applied  stress  intensity  factor  in  SCC  test  was 
higher  than  that  applied  during  fatigue  pre-cracking  to  avoid  the  possible  overloading 
effect  on  SCC  behavior.  Results  shown  in  Fig.  34  suggest  that  a  power  law  relationship 
exists  between  the  incubation  time  and  the  applied  load  level.  With  the  decrease  in  the 
applied  stress  intensity  factor,  the  incubation  time  increases  significantly.  In  a  latter 
section,  the  determinations  of  the  threshold  stress  intensity  factor  (Kiscc)  and  the 
fracture  stress  intensity  factor  (Kic)  will  be  discussed.  In  Fig. 34,  these  two  limiting 
stress  intensity  factors  for  3.5%  NaCI  concentration  were  added.  In  addition,  the 
incubation  time  of  the  specimen  shown  in  Fig. 29  and  the  incubation  times  for  the  first 
step  loading  in  the  high-low  step  loading  experiments  were  also  included  in  Fig. 34.  A 
similarity  between  the  S-N  (stress-life)  curve  in  fatigue  and  the  K  -  incubation  time 
curve  in  stress  corrosion  can  be  noticed.  Data  scatter  similar  to  that  in  fatigue  curve 
can  be  also  observed  in  Fig.34. 
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Fig.  34  Incubation  time  as  a  function  of  initially  applied  stress  intensity  factor 
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Fig.  35  Stress  corrosion  crack  growth  rate  curves  under:  (a)  decreasing  and  (b) 
increasing  stress  intensity  factor  conditions 
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By  adding  or  removing  the  spring  washers  in  the  loading  system  shown  in  Fig.  26, 
the  tendency  of  the  variation  of  stress  intensity  factor  with  crack  length  can  be  adjusted. 
In  such  a  way,  the  crack  propagation  behavior  in  a  wide  range  of  stress  intensity  factor 
values  can  be  conveniently  investigated.  Figure  35  exhibits  the  crack  growth  behavior 
of  stress  corrosion  crack  represented  in  traditional  daldt  versus  K  axes  in  the  log-log 
scale.  For  the  SCC  tests  in  Fig.  35(a),  the  spring  washers  were  not  employed  and  the 
stress  intensity  factor  decreased  with  crack  extension.  For  the  SCC  tests  in  Fig.  35(b), 
the  application  of  spring  washers  resulted  in  an  increased  stress  intensity  factor  with 
crack  propagation.  Data  scatter  on  the  plot  can  be  observed,  which  can  be  attributed  to 
step-wise  nature  of  stress  corrosion  crack  propagation  by  advancing  cracks  along  the 
parallel  grain  boundaries.  It  should  be  noticed  that  the  degree  of  crack  growth  data 
scatter  is  considerably  lower  in  the  experiments  with  increasing  stress  intensity  factor 
(Fig.  35  (b))  as  compared  to  those  obtained  from  the  decreasing  K  experiments  (Fig. 
35(a)). 


Fig.  36  Variation  of  stable  crack  growth  rate  with  stress  intensity  factor 


Excluding  the  crack  growth  rate  in  transient  stage,  the  relationship  between  the 
stable  crack  growth  rate  and  the  stress  intensity  factor  is  plotted  in  Fig.  36.  As  generally 
observed  in  commercial  high  strength  aluminum  alloys  [86],  the  daldt-K  curve  in  Fig. 
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36  consists  of  two  regions.  In  region  I,  at  relatively  low  stress  intensities  (K  <10 
MPa  yfm  ),  the  crack  growth  rate  increases  with  increasing  stress  intensity  factor. 
Region  II  exhibits  a  plateau  and  the  SCC  growth  rate  is  independent  of  stress  intensity 
factor  in  the  range  of  10  to  22  MPaVw  .  The  plateau  velocity  of  Region  II  has  an 
approximate  value  of  2xl0~5  mm/s  for  all  specimens,  which  is  in  good  agreement  with 
the  previous  data  reported  by  Speidel  [86].  It  should  be  mentioned  that  the 
experimental  conditions  in  Speidel’s  SCC  tests  on  S-L  oriented  7075-T651  plates  were 
quite  different  from  those  in  the  current  investigation.  For  example,  Speidel  [86] 
employed  double  cantilever  beam  (DCB)  specimens  under  alternate  immersion 
conditions  in  3.5%  NaCI  solution.  Despite  these  differences,  the  electrochemical 
environment  in  the  vicinity  of  the  crack  tip  during  the  stable  crack  growth  stage  in 
Speidel’s  SCC  tests  was  similar  to  that  in  the  present  study.  For  the  stress  corrosion  of 
an  aluminum  alloy  in  aqueous  solution,  the  pH  value  of  the  solution  at  the  tip  of  a 
growing  SC  crack  is  typically  around  3.5,  independent  of  the  pH  value  of  the  bulk 
solution  [86,  88,  91,  131].  As  a  result,  the  solution  pH  in  a  wide  range  has  no  effect  on 
the  region  II  crack  propagation  rate.  Hartman  et  al.  [132]  investigated  the  effect  of 
corrosion  medium  on  the  growth  of  stress  corrosion  cracks  in  aluminum  alloy  7075  and 
they  found  that  in  3%  NaCI  solution  the  SCC  behavior  was  neither  significantly  affected 
by  the  pH  in  the  range  3-10  nor  in  almost  neutral  solution  by  addition  of  chromate. 
Insignificant  effects  of  chromate  on  crack  kinetics  were  also  observed  in  other  studies 
[123,  133],  However,  Connolly  et  al.  [134]  reported  that  the  chromate-inhibited  acidified 
bulk  chloride  environment  identical  to  that  in  the  current  study  resulted  in  a  lower  Stage 
II  crack  growth  rate.  Landkof  and  Gal-or  [135]  reported  that  the  addition  of  2  wt% 
sodium  dichromate  to  a  3.5  wt%  NaCI  solution  led  to  significant  increase  in  crack  growth 
rate. 

Transient  and  stable  growth  can  be  observed  in  all  of  the  experiments  (Fig.  35).  The 
fact  that  transient  crack  growth  is  found  under  different  initial  values  of  applied  stress 
intensity  may  lead  to  an  erroneous  interpretation  of  threshold  stress  intensity  factor. 
Indeed,  a  threshold-like  behavior  can  be  observed  in  all  of  the  experiments  shown  in  Fig. 
35.  However,  the  crack  growth  behavior  during  the  transient  stage  is  completely 
different  from  the  threshold  behavior.  When  the  stress  intensity  factor  approaches  the 
threshold  value,  the  crack  growth  rate  is  consistently  low.  A  careful  analysis  of  the 
crack  growth  behavior  during  the  transient  stage  of  SCC  test  indicates  that  the  initial 
crack  growth  rate  is  relatively  high,  then  decreases  gradually  to  a  minimum  value  or 
even  zero,  and  holds  for  a  period  of  time,  then  resumes  to  the  stable  crack  growth  rate. 
In  the  transient  stage  of  SCC  test,  the  crack  extension  is  small  and  the  load  is  reduced 
slightly,  resulting  in  an  approximately  constant  stress  intensity  factor.  As  a  result,  the 
transient  stage  appears  to  be  a  vertical  line  on  the  curve  of  crack  growth  rate  versus 
stress  intensity  factor.  In  the  experimental  practice,  the  threshold  stress  intensity  is 
usually  determined  as  the  minimal  value  of  K  from  the  plot  of  applied  stress  intensity 
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versus  time  to  failure.  Such  experiments  are  typically  time  consuming  and  can  last  for 
more  than  10,000  hours  [136]. 


11.3.3.  Effects  of  Overload  and  Underload 

Similar  to  overload/underload  effects  on  fatigue  crack  growth,  the  spikes  of  a  tensile 
or  compressive  load  applied  prior  to  stress  corrosion  testing  have  a  significant  effect  on 
SCC  incubation  time  due  to  residual  compressive  or  tensile  stress  ahead  of  the  crack  tip 
created  during  overloading/underloading.  To  study  the  effects  of  overload  and 
underload,  a  series  of  SCC  experiments  were  conducted  in  3.5wt%  NaCI  aqueous 
solution  on  the  specimens  previously  subjected  to  overloading  or  underloading  at  the 
end  of  the  pre-cracking.  Seven  specimens  were  pre-cracked  with  a  maximum  stress 

intensity  factor  in  the  loading  cycle Kmax  =  \0MPa4m  ,  then  for  each  specimen  a  selected 
overload  or  underload  was  applied.  Five  overloads  (25%,  50%,  75%,  100%,  and  125% 
higher  than \0MPa\fm )  and  two  underloads  (50%  and  100%  lower  than  -10 MPasfm) 
were  selected.  The  subsequent  stress  corrosion  testing  was  done  with  the  initial  stress 
intensity  factor  identical  to  the  maximum  stress  intensity  factor  in  the  last  cycle  of  the 

fatigue  pre-cracking  (Ki  =  10 MPasfm  ). 


Incubation  Time  (s) 


Fig.  37  Overload  effect  on  incubation  time  of  7075-T651  aluminum  alloy: 
Comparison  with  literature  data  [111] 
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Figure  37  shows  how  incubation  time  is  significantly  affected  by  the 
overload/underload  application.  The  markers  in  Fig.  37  represent  the  experimentally 
obtained  data  points  and  the  lines  are  shown  as  a  reference  fit  of  the  data.  It  can  be 
seen  that  the  effect  on  crack  incubation  depends  on  whether  the  applied  overload  is 
tensile  or  compressive.  When  the  incubation  time  corresponding  to  zero  overload  is 
taken  as  a  reference,  it  can  be  seen  that  the  compressive  overloading  (underloading) 
tends  to  accelerate  the  crack  incubation  due  to  a  tensile  residual  stress  while  tensile 
overloads  prolong  the  onset  of  stress  corrosion  cracking  due  to  a  compressive  residual 
stress  (Fig.  37).  A  similar  phenomenon  of  crack  growth  retardation  upon  tensile 
overloading  and  acceleration  following  compressive  underloading  have  been  observed 
in  fatigue  crack  propagation  of  metallic  materials  and  can  be  attributed  to  formation  of 
large  plastic  deformation  zones  at  the  crack  tip  due  to  application  of  overloads.  It 
should  be  also  noticed  in  Fig.  37  that  the  tensile  overloads  higher  than  50%  tend  to 
produce  much  greater  delays  in  the  incubation  time. 

As  a  comparison,  the  experimental  results  by  Hanisch  and  Burck  [111]  on  the 
overload  effect  on  SCC  behavior  of  S-L  oriented  7075-T651  aluminum  alloy  specimens 
are  also  exhibited  in  Fig.  37.  Similar  to  the  current  study,  Hanisch  and  Burck  [111] 
found  that  the  incubation  time  increased  with  increasing  overload  percentage. 
However,  several  major  differences  can  be  observed  in  Fig.  37.  The  overall  shape  of 
the  curve  obtained  in  the  current  investigation  and  those  reported  in  [111]  is  very 
different.  In  the  range  of  high  overload  percentage  (greater  than  50%),  the  small 
increase  in  pre-stressing  results  in  significant  increase  in  incubation  time  as  can  be 
seen  from  the  data  obtained  in  the  present  work.  At  the  same  time,  the  results  from 
[111]  demonstrate  the  tendency  of  overloads  to  become  less  effective  as  they  get 
higher.  In  addition  to  the  principal  differences  in  post-overload  incubation  behavior,  the 
incubation  times  reported  in  [111]  are  much  higher  for  similar  levels  of  initially  applied 
stress  intensity  factor  (Fig.  37). 

Such  discrepancies  can  be  probably  attributed  to  the  differences  in  specimen 
geometry  and  testing  technique  with  the  other  variables  such  as  material  treatment, 
mechanical  properties,  and  the  solution  pH.  Much  thicker  (12.7  mm)  DCB  specimens 
were  used  by  Hanisch  and  Burck  [111]  as  compared  to  the  3.8  mm  thick  C(T) 
specimens  used  in  the  current  study.  In  addition,  alternate  immersion  tests  were 
performed  in  [111].  The  specimens  were  immersed  in  the  solution  three  times  per  day 
otherwise  being  kept  exposed  to  50%  relative  humidity  air  [111].  The  engineering 
recommendation  states  that  there  is  no  significant  difference  between  region  II  crack 
propagation  rate  obtained  from  alternate  immersion  and  continuous  immersion  tests 
[131].  However,  these  differences  can  vastly  affect  the  incubation  time  and  the  region  I 
crack  propagation  rate  [131], 

It  is  well  established  that  overload  retards  fatigue  crack  growth  while  underload 
accelerates  fatigue  crack  growth.  However,  tensile  or  compressive  overloading  has  no 
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obvious  influence  on  the  subsequent  transient  crack  growth  and  stable  crack 
propagation  in  SCC  test,  as  being  illustrated  in  Fig.  38.  During  the  initial  crack  growth 
stage,  the  crack  tip  needs  to  pass  through  the  plastic  zone  caused  by  the  overload  or 
underload.  It  seems  that  prior  loading  history  does  not  affect  the  stable  stress  corrosion 
cracking  behavior.  Results  shown  in  Fig.  38  suggest  that  the  average  plateau  crack 
velocity  does  not  change  practically  as  a  function  of  the  applied 
overloading/underloading.  The  average  plateau  velocity  is  confined  to  a  narrow  band 
around  daldt  =  2xl0'5 mml s  which  is  identical  to  the  plateau  crack  growth  rate  in 
specimens  without  overloading. 
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Fig.  38  Effects  of  overload  and  underload  on  plateau  crack  growth  rate  of  7075- 

T651  aluminum  alloy 


11.3.4.  Effect  of  High-Low  Sequence  Loading 

The  effect  of  variable  loading  on  the  stress  corrosion  crack  growth  was  investigated 
in  two  high-low  loading  sequence  experiments  conducted  in  3.5%  NaCI  aqueous 
solution.  Each  experiment  consisted  of  two  loading  steps  with  the  load  being  reduced 
by  a  specific  percentage  at  the  beginning  of  the  second  step.  In  the  first  experiment, 
SCC  test  was  conducted  on  specimen  SL  48,  which  was  underloaded  by  100%  before 
SCC  test.  After  the  stable  crack  growth  was  established  at  a  =  20.765mm  and  K  = 
13.7MPaVm  (Step  1),  the  stress  intensity  factor  was  reduced  to  10.7  MPaJm  and 
SCC  test  was  continued  until  fracture  occurred  (Step  2).  In  the  second  experiment, 


-56- 


SCC  test  was  performed  on  specimen  SL  45,  which  was  overloaded  by  25%  before 
SCC  test.  After  the  stable  crack  growth  was  established  at  a  =  22  mm  and  K  =  15.3 

MPa  Vw  (Step  1),  the  stress  intensity  factor  was  reduced  to  8.3  MPa  -Jm  and  SCC  test 
was  continued  until  specimen  fractured  (Step  2).  The  details  of  the  high-low  sequence 
loading  experiments  can  be  found  in  Table  12.  The  results  of  the  experiments  are 
summarized  in  Fig.  39.  After  reducing  the  load  from  a  higher  value  to  a  lower  value,  the 
previous  stable  crack  growth  was  terminated,  and  a  second  incubation  time  and 
corresponding  transient  period  of  crack  growth  were  observed  (Fig.  39  (a-b)). 
Compared  to  Step  1,  the  transient  stage  in  Step  2  was  greatly  shortened  or  even 
disappeared.  This  is  possibly  because  the  penetration  of  the  stress  corrosion  crack  tip 
through  the  thickness  of  specimen  has  been  completely  established  in  Step  1.  Figure 
39(c-d)  represents  the  crack  growth  rate  as  a  function  of  applied  stress  intensity  for  the 
experimental  scenarios  shown  in  Fig.  39(a-b).  It  should  be  mentioned  that  the  second 
step  in  specimen  SL  45  was  performed  under  the  decreasing  K  condition.  As  can  be 
seen,  after  the  second  period  of  incubation  and  transient  growth,  the  velocity  of  crack 
extension  returns  to  the  characteristic  value  of  the  stable  crack  growth  observed  in  the 
experiments  on  the  alloy  under  investigation  (Fig.  39(c-d)). 
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Fig.  39  Effect  of  high-Low  sequence  loading  on  SCC  of  7075-T651  alloy:  (a)  stress 

intensity  factor  was  reduced  from  13.7  MPa  to  10.7  MPa  ,  (b)  stress 

intensity  factor  was  reduced  from  15.3  MPa^  to  8.3  MPa^,  and  (c,  d)  variation 
of  crack  growth  rate  with  stress  intensity  factor 


11.3.5.  Effect  of  NaCI  Concentration  on  Stress  Corrosion  of  7075-T651 

The  SCC  experiments  were  performed  in  the  aqueous  solution  containing  sodium 
chloride,  0.02M  sodium  dichromate,  0.07M  sodium  acetate,  plus  0.389M  acetic  acid  to 
pH=4.  The  concentration  of  sodium  chloride  ranged  from  0.01  wt%  to  5.0  wt%  NaCI 
(0.001 7M  to  0.85  M).  The  solution  can  prevent  the  formation  of  corrosion  products  and 
avoid  product  wedging  and  facilitate  observation  of  cracks  [123-124],  The  schematic  of 
the  experimental  setup  is  shown  in  Fig.  26.  No  aeration  was  supplied  during  the 
experiments.  Solution  in  the  chamber  was  replaced  weekly.  During  the  SCC 
experiments,  no  protective  coating  was  applied  to  the  surfaces  of  the  specimens,  and 
the  specimens  were  not  deliberately  isolated  from  the  loading  system. 


-59- 


Table  13.  SCC  tests  on  effect  of  NaCI  concentration  and  initial  stress  intensity 
factor  on  incubation  time  and  stable  crack  growth 


Spec. 

# 

NaCI 

(%/M) 

P,  a, 

(, kN )  ( mm ) 

af  K, 

(mm)  ( MPayfm 

me 

0) 

*  frac 

(s) 

(da/dt)  „ 
(mm  /  s) 

SL66 

5.0/0.85 

1.28 

14.20 

32.23 

10.0 

188,170 

1,159,035 

2.17e-5 

SL65 

3.0/0.51 

1.32 

14.14 

26.07 

10.0 

94,968 

1,097,075 

2.26e-5 

SL64 

2.0/0.34 

1.29 

14.24 

29.38 

10.0 

87,476 

903,583 

4  26e-5 

SL62 

1.0/0.17 

1.32 

14.06 

26.64 

10.0 

103,458 

743,889 

4.21e-5 

SL79 

1.0/0.17 

1.96 

14.11 

15.54 

15.0 

40,606 

278,019 

7.65e-6 

SL102 

0.35/0  06 

0.79 

13.91 

33.75 

6.0 

534,542 

1,146,786 

9.06e-5 

SL99 

0.35/0.06 

1.06 

14.31 

32.38 

8.0 

100,849 

1,340,912 

5  67e-5 

SL61 

0  35/0  06 

1.28 

14.04 

32  12 

10.0 

63,004 

731,262 

7  61e-5 

SL78 

0.35/0.06 

1.95 

14.10 

15.58 

15.0 

40,950 

365,681 

9.69e-6 

SL100 

0.35/0.06 

1  53 

14.58 

27.22 

12.0 

63,264 

961,371 

6  41e-5 

SL101 

0.35/0.06 

1.80 

14.31 

24  32 

14.0 

61,453 

642,352 

4.76e-5 

SL63 

0.10/0.017 

1.34 

14.06 

26.50 

10.0 

40,507 

619,150 

1.40e-4 

SL72 

0.10/0  017 

1.98 

14  35 

22.10 

15.0 

22,614 

173,729 

1.74e-4 

SL69 

0.07/0.012 

1.29 

14.34 

28.57 

10.0 

102,204 

1,160,053 

2.49e-5 

SL67 

0.035/0.006 

1.31 

14.22 

26.48 

10.0 

229,260 

8,722,204 

2.12e-6 

SL81 

0  035/0.006 

2.00 

13.94 

17  08 

15.0 

63,097 

1,681,266 

2.68e-6 

SL103 

0  035/0.006 

1.57 

14.22 

18.28 

12  0 

300,896 

6,054,922 

8.45e-7 

SL104 

0.035/0.006 

1.74 

14.35 

20  64 

14.0 

55,018 

3,991,148 

1.38e-6 

SL105 

0  035/0.006 

1.04 

14  49 

31.90 

8  0 

492,008 

3,990,159 

5.21e-6 

SL106 

0  035/0.006 

0  79 

14.09 

15.69 

6.0 

2,955,600 

23,026,500 

6  41e-7 

SL114 

0  01/0.0017 

1.05 

14  10 

1841 

8.0 

1,630,747 

15,723,724 

4.08e-7 

SL115 

0.01/0.0017 

1.30 

14  24 

n/a 

10.0 

1,269,220 

n/a 

2.01  e-7 

SL116 

0  01/0.0017 

1.62 

14.02 

19.15 

12.0 

845,038 

12,505,887 

2.11e-6 

SL70 

0.01/0.0017 

1.32 

14.05 

16.41 

10.0 

2,044,745 

11,464,752 

4.42e-7 

SL83 

0.01/0  0017 

2.00 

14.00 

20.16 

15.0 

1,149,153 

11,663,520 

7.24e-7 

Note:  Pi  -Initial  applied  load  Kt  -Initial  applied  stress  intensity  factor 

a,  -Initial  crack  length  a ,  -Crack  length  at  failure  of  specimen  or  termination  of  test  . 

tinc  -Incubation  time  -failure  time  Kt  -  stress  intensity  factor  at  failure  of 

specimen  or  termination  of  test 

(da/dt)  -average  plateau  velocity 
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Although  galvanic  coupling  between  test  specimen  and  loading  system  was 
inevitable,  the  crack  growth  at  the  crack  tip  was  not  observed  within  three  months  when 
the  applied  stress  intensity  factor  (K)  was  much  lower  than KISCC .  Therefore,  the 

influence  of  galvanic  corrosion  on  the  SCC  results  (incubation  time  and  crack  growth 
rate)  in  this  study  was  insignificant.  Details  of  the  experiments  and  results  are 
summarized  in  Table  13. 

The  following  SCC  tests  were  designed  to  investigate  the  influences  of  loading  level 
and  concentration  of  sodium  chloride  on  the  SCC  behavior  of  7075-T651  aluminum 
alloys:  (1)  SCC  tests  at  different  initial  loading  levels  in  corrosive  solutions  with  different 
NaCI  concentrations  (Tables  10,  13);  (2)  incremental  load  tests  for  Klsc.c  in  corrosive 

solutions  with  different  NaCI  concentrations. 

Prior  to  SCC  testing,  the  specimens  were  pre-cracked  to  4  mm  using  a  servo- 
hydraulic  machine  in  tension-tension  loading.  Pre-cracks  were  formed  in  ambient  air  by 
fatigue  loading.  The  final  stress  intensity  factor  applied  during  pre-cracking  was  less 
than  3.0  MPaJm . 

Figure  40  shows  the  SCC  crack  growth  behavior  of  the  materials  at  four  different 
NaCI  concentrations:  0.01%  (0.001 7M),  0.1%  (0.01 7M),  0.35%  (0.06  M),  and  1% 
(0.1 7M).  The  initial  applied  stress  intensity  factor  was  15  MPa  Vm  .  Similar  to  the  SCC 
crack  growth  behavior  observed  in  the  corrosive  solution  with  3.5%  NaCI,  three  crack 
growth  stages  can  be  identified:  incubation,  transient  growth,  and  stable  growth. 
Among  the  four  NaCI  concentrations,  the  incubation  time  and  transient  stage  were  the 
shortest  when  the  NaCI  concentration  of  the  solution  was  0.1%. 
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Fig.  40  Typical  SCC  behavior  in  corrosive  solutions  with  different  NaCi 
concentrations  with  initial  applied  stress  intensity  factor  of  15  MPa  Vm 
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Fig.  41  Influence  of  NaCi  concentration  of  corrosive  solution  on  the  plot  of  crack 

length  versus  time 
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K  (MPaVm) 

Fig.  42  Variation  of  SCC  crack  growth  rate  with  stress  intensity  factor  and  NaCI 

concentration 

Figure  41  shows  the  variations  of  crack  length  with  time  in  corrosive  solutions  with 
different  NaCI  concentrations.  The  initial  applied  stress  intensity  factor  was  10  MPa  Vw 
for  all  the  SCC  tests.  The  stress  intensity  factor  increased  with  the  extension  of  the 
crack  (increasing  K  tests).  It  can  be  observed  that  the  NaCI  concentration  has 
significant  influence  on  the  incubation  time  and  the  stable  crack  growth  rate  of  the 
material. 

Figure  42  summarizes  the  variations  of  SCC  crack  growth  rate  with  stress  intensity 
factor  for  all  the  NaCI  concentrations  under  investigation.  Transient  and  stable  growth 
can  be  observed  in  all  of  the  experiments.  A  threshold-like  behavior  corresponding  to 
the  transient  stage  can  be  observed  in  all  of  the  experiments  shown  in  Fig.  42. 
However,  the  crack  growth  behavior  during  the  transient  stage  is  completely  different 
from  the  threshold  behavior.  When  the  stress  intensity  factor  approaches  the  threshold 
value,  the  crack  growth  rate  is  consistently  low. 

After  the  transient  stage,  the  curves  of  crack  growth  rate  versus  stress  intensity 
factor  at  all  the  investigated  NaCI  concentrations  exhibit  approximately  a  plateau.  The 
maximum  crack  growth  rate  was  observed  at  0.1%  NaCI  concentration.  When  the 
concentration  of  NaCI  ranges  from  0.35%  to  5%,  the  plateau  crack  growth  rate  was  in  a 
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band  between  10'5  mm/s  to  10"4  mm/s.  When  the  concentrations  of  NaCI  solutions  were 
0.035%  and  0.01%,  the  crack  growth  rates  were  significantly  reduced. 


Table  14.  Influence  of  NaCI  concentration  on  incubation  time  and  stable  crack 


growth  rate  (Kj=10  MPa4m  ) 

Specimen  NaCI  Concentration 

Incubation  Time  Average  Plateau  Velocity 

# 

(%/M) 

(hours) 

(mm/s) 

SL70 

0.01  %/0.001 7M 

568.0 

4.42x10'' 

SL115 

0.01  %/0. 001 7M 

352.6 

2.01x10'7 

SL67 

0.035%/0.006M 

63.7 

2.1 2x1  O'6 

SL69 

0.07%/0.012M 

28.4 

2.49x1  O'5 

SL63 

0.10%/0.017M 

11.3 

1.40x1  O'4 

SL61 

0.35%/0.06M 

17.5 

7.61x1  O'5 

SL62 

1.00%/0.17M 

28.7 

4.21x1  O'5 

SL64 

2.00%/0.34M 

24.3 

4.26x10  s 

SL65 

3.00%/0.51M 

26.4 

2.26x1  O'5 

SL41 

3.5%/0.60M 

33.0 

1.44x1  O'5 

SL66 

5.00%/0.85M 

52.3 

2. 17x1  O'5 
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Fig.  43  Influence  of  NaCI  concentration  on  incubation  time 
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Fig.  45  Influence  of  NaCI  concentration  on  incubation  time  and  stable  (plateau) 

crack  growth  rate 
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Table  14  and  Figs.  43-45  summarize  the  effect  of  different  NaCI  concentrations  of 
corrosive  solution  on  the  incubation  time  and  the  average  stable  crack  growth  rate  when 
the  initial  applied  stress  intensity  factor  was  10  MPa  yfm  .  Results  in  Fig.43  are  the 
incubation  time  as  a  function  of  the  NaCI  concentration  in  wt%.  When  the  NaCI 
concentration  of  solution  was  less  than  0.1%,  the  incubation  time  increased  significantly 
with  the  decrease  of  NaCI  concentration.  When  the  NaCI  concentration  increases  from 
0.01%  to  0.1%,  the  incubation  time  decreases  from  568  hours  to  1 1.3  hours.  However, 
when  the  NaCI  concentration  further  increases  from  0.1%  to  5.0%,  the  incubation  time 
increases  from  11.3  hours  to  52.3  hours.  Clearly,  the  shortest  incubation  time  occurs  in 
0.1%  NaCI  solution. 

The  influence  of  the  NaCI  concentration  on  the  average  plateau  velocity  is  shown  in 
Fig.44.  It  can  be  found  that  the  plateau  velocity  increases  significant  with  increasing 
NaCI  concentration  when  the  NaCI  concentration  is  less  than  0.1%.  When  the  NaCI 
concentration  is  larger  than  0.1%,  the  plateau  velocity  decreases  with  increasing  NaCI 
concentration. 

Figure  45  combines  the  results  shown  in  Fig.43  and  Fig.44  to  facilitate  a  direct 
comparison  of  the  influences  of  NaCI  concentration  on  the  incubation  time  and  the 
stable  crack  growth  rate.  A  shorter  incubation  time  is  accompanied  by  a  larger  stable 
crack  growth  rate.  The  largest  stable  crack  growth  rate  and  the  shortest  incubation  time 
occur  when  the  NaCI  concentration  is  0.1%.  . 
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Fig.  46  Comparison  of  incubation  times  at  two  loading  magnitudes  and  different 

NaCI  concentrations 
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Figure  46  compares  the  incubation  time  at  two  stress  intensity  factors  (K=10 
MPa  4m  and  15  MPa  V/n  )  and  at  different  NaCI  concentrations.  At  each  NaCI 
concentration  level,  the  incubation  time  increased  with  the  decrease  of  stress  intensity 
factor.  At  the  same  stress  intensity  factor,  the  shortest  incubation  time  occurred  in  0.1% 
NaCI  solution.  When  the  NaCI  concentration  of  solution  was  less  than  0.1%,  the 
incubation  time  increased  significantly  with  the  decrease  of  NaCI  solution.  At  K=15 
MPa  4m  and  the  NaCI  concentration  of  the  solution  was  in  the  range  of  0.35%  to  3.5%, 
no  significant  difference  in  incubation  time  was  observed.  At  K=10  MPaVwand  the 
NaCI  concentration  of  the  solution  was  in  the  range  of  0.35%  to  3.5%,  the  incubation 
time  exhibited  a  tendency  to  increase  with  increasing  NaCI  concentration. 
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Fig.  47  Combined  effect  of  stress  intensity  factor  and  NaCI  concentration  of  the 

solution  on  the  incubation  time 


The  experimentally  obtained  relationships  between  the  incubation  time  and  the 
applied  stress  intensity  factor  at  six  (6)  different  NaCI  concentrations  are  shown  in  Fig. 
47.  At  each  NaCI  concentration,  the  relationship  between  the  applied  stress  intensity 
factor  and  incubation  time  can  be  approximately  described  by  a  power  law,  which  is 
very  similar  to  S-N  curve  in  fatigue.  The  influence  of  NaCI  concentration  on  the 
incubation  time  becomes  more  significant  with  the  decrease  of  stress  intensity  factor. 


-68- 


(a)  0.01wt%  NaCI 


(b)  0.035  wt%  NaCI 


(g)  3.5  wt%  NaCI 

Fig.  48  NaCI  concentration  effect  on  crack  profile  at  stable  crack  growth  stage 


(c)  0.07  wt%  NaCI 


(d)  0.1  wt%  NaCI 


(e)  0.35  wt%  NaCI 


(f)  1  wt%  NaCI 


Figure  48  shows  the  typical  SCC  crack  front  profiles  during  the  stable  crack  growth 
stage  in  the  corrosive  solutions  with  different  NaCI  concentrations.  The  crack  front 
appears  a  “C”  shape  in  3.5%  NaCI  aqueous  solution.  When  the  NaCI  concentration  of 
the  solution  ranges  from  0.1%  to  1%,  the  crack  front  profile  is  almost  straight.  When  the 
NaCI  concentration  of  the  solution  ranges  from  0.01%  to  0.07%,  “bowed”  crack  fronts 
with  crack  being  longer  in  the  center  of  the  specimen  is  observed.  Either  “bowed”  crack 
fronts  with  crack  being  longer  in  the  center  of  the  specimen  or  relatively  straight  crack 
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front  is  frequently  observed  in  thick  specimens  satisfying  plane  strain  state.  However, 
such  crack  front  profile  can  appear  in  thin  specimens  under  plane  stress  state  when  the 
concentration  of  NaCI  of  the  corrosive  solution  is  lower  than  1%.  The  change  of  the 
crack  front  profile  with  NaCI  concentration  reflects  the  transition  of  SCC  mechanisms 
with  NaCI  concentration,  and  0.1%  NaCI  can  be  considered  as  a  limiting  concentration. 
Further  studies  on  the  dependence  of  SCC  mechanisms  on  NaCI  concentration  need  to 
be  performed. 

There  have  been  a  limited  number  of  studies  which  might  lead  to  the  clarification  of 
the  role  of  anions  in  the  stress  corrosion  cracking  of  aluminum  alloys.  Due  to  the 
difference  in  testing  material,  specimen  geometry,  and  testing  condition,  the 
experimental  results  obtained  by  different  researchers  are  frequently  inconsistent. 
Speidel  [87]  investigated  the  effect  of  concentration  of  anions  on  kinetics  of  SCC  of 
aluminum  alloys.  It  was  demonstrated  that  SCC  kinetics  of  aluminum  alloys  is 
accelerated  by  anions  of  Cl',  Br',  and  I'  compared  with  distilled  water.  It  was  also  found 
that  the  level  of  the  plateau  crack  growth  velocity  rose  monotonically  with  increasing 
iodide  concentration  [87],  The  influence  of  environment  and  temperature  on  SCC  crack 
growth  rate  of  AA7075  was  investigated  by  de  Jong  [90].  It  was  found  that  the  crack 
growth  rate  increased  with  increasing  chloride  ion  concentration,  although  the  influence 
of  the  concentration  was  found  to  be  less  pronounced  at  the  higher  values  of  the  stress 
intensity  factor.  There  is  a  very  distinct  influence  of  the  temperature  on  the  chloride  ion 
concentration  influence.  The  concentration  influence  decreases  with  increasing 
temperature.  Le  et  al.  [91]  investigated  some  anion  effects  on  SCC  of  AA7075-T651  in 
various  NaCI  solutions.  A  five-fold  increase  in  crack  growth  rate  was  observed  from 
0.01  M  to  0.6M  NaCI,  presumably  by  increasing  the  activation  of  the  aluminum  surface. 
A  30%  decrease  in  crack  growth  rate  was  observed  from  0.6M  NaCI  to  3M  NaCI, 
perhaps  because  of  lower  solubility  of  oxygen.  Connolly  et  al.  [128,  134]  compared 
stress  corrosion  crack  growth  rates  for  AA7040  and  AA7150  alloys  as  a  function  of  bulk 
aqueous  chloride  concentrations.  DCB  crack  growth  rates  for  AA7040  and  AA7150  are 
relatively  insensitive  to  bulk  chloride  content  in  chromate-inhibited  solutions.  Crack 
growth  rates  at  higher  chloride  concentrations  (i.e.,  bulk  solutions  containing  0.6M  NaCI 
and  1.0M  NaCI)  were  higher  by  only  a  factor  of  two  on  average  compared  to  lower 
chloride  contents.  Connolly  et  al.  [128,  134]  attributed  this  insensitivity  to  the  role  of  the 
critical  crack  tip  chemistry:  once  this  chemistry  is  established,  the  bulk  solution 
chemistry  has  only  a  small  influence  on  the  crack  tip  behavior.  In  the  current  study,  the 
crack  growth  rate  in  the  solution  with  0.1%  NaCI  can  be  a  thousand  times  higher  than 
that  in  the  solution  with  0.01%  NaCI.  It  is  apparent  that  the  critical  crack  tip  chemistry 
established  during  the  stable  crack  growth  stage  is  in  fact  significantly  dependent  on  the 
bulk  NaCI  concentration,  and  operative  SCC  mechanisms  may  be  varied  in  different 
bulk  NaCI  concentrations. 
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Connolly  et  al.  [128,  134]  also  found  that  the  incubation  time  in  chromate-inhibited 
solution  was  strongly  influenced  by  bulk  chloride  content  and  decreased  with  increasing 
chloride  content  for  both  AA7040-T7651  and  AA7150-T7751 .  This  is  consistent  with  the 
studies  of  incubation  effects  where  the  crack  tip  chemistry  was  shown  to  play  a  role  in 
the  observance  of  an  incubation  time  [139].  The  development  of  the  crack  tip 
environment  required  for  SCC  is  thought  to  begin  with  an  increase  in  chloride  and  it  is 
speculated  that  the  higher  bulk  chloride  solution  levels  expedite  the  development  of  the 
critical  crack  tip  chemistry  necessary  for  SCC  initiation  [128,  134],  However,  the 
existence  of  non-monotonic  relationship  between  the  incubation  time  and  NaCI 
concentration  at  an  identical  stress  intensity  factor  requires  further  investigations. 

11.4.  MEASUREMENT  OF  Klscc 

The  threshold  stress  intensity  factor  for  SCC  (KISCC)  is  defined  as  a  value  of  stress 

intensity  factor  below  which  the  stress  corrosion  cracking  would  not  occur.  It  is  an 
important  fracture  mechanics  parameter  to  evaluate  the  stress  corrosion  resistance  of 
the  material  in  a  corrosive  environment.  Traditionally,  this  value  can  be  obtained  from 
K-  incubation  time,  K-  time  to  failure,  or  da/dt-  K  curves,  as  schematically  shown  in  Fig. 
49  [85].  Theoretically,  KISC(.  would  correspond  to  infinite  incubation  time  or  time  to 
failure.  In  practice,  this  notion  becomes  unreasonable  and  often  the  determination  of 
Klscc  is  based  on  the  patience  of  the  researcher.  When  the  complete  SCC  rate  curves 

are  examined,  it  can  be  seen  that  the  slope  of  stage  I  is  still  finite  even  at  the  slowest 
crack  growth  rates,  which  leads  to  a  conclusion  that  there  is  still  a  possibility  of  crack 
growth  below  the  practically  identified  threshold  stress  intensity.  Additional  challenge  in 
correct  determination  of  KIS(C  arises  from  the  phenomenon  of  wedging  of  crack  flanks 

by  corrosion  products.  In  constant  COD  controlled  experiments,  this  leads  to  additional 
stresses  at  the  crack  tip  even  when  theoretically  the  load  approaches  zero  at  the  end  of 
experiment.  The  accumulation  of  corrosion  products  is  avoided  in  the  present 
investigation  by  addition  of  sodium  dichromate  to  the  solution. 


Incubation 

Time 


Time  to  Failure 


Kiscc  k 


Fig.  49  Traditional  methods  to  measure  KISCC 
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In  the  current  investigation,  the  threshold  stress  intensity  factor  for  SCC  (Klscc)  was 

measured  by  incremental  load  tests.  The  load  rate  was  0.0002  N/s.  The  variations  of 
crack  length  and  the  corresponding  applied  load  with  time  were  recorded.  The 
continuous  crack  growth  can  be  detected  when  the  load  reaches  a  certain  value.  From 
this  critical  point,  the  value  of  Af/srccan  be  determined.  Table  15  summarizes  the  seven 

specimens  tested  under  incremental  load  condition  for  the  determination  Klscc  at 

different  NaCI  concentrations.  Two  examples  of  the  loading  curve  and  the  crack  growth 
curve  are  shown  in  Fig.  50. 

Table  15.  Incremental  load  experiments  for  K,scc  at  different  NaCI  concentrations 


Spec.# 

NaCI, 

w% 

dP/dt, 

N/sec 

Kiscc 

MPayfm 

Bh 

mm 

SL92 

3.50 

2.14e-4 

4.49 

6.018 

SL93 

0.10 

2.27e-4 

6.37 

14.607 

SL94 

0.35 

2.26e-4 

4.21 

14.684 

SL95 

1.00 

2.19e-4 

4.60 

14.100 

SL96 

0.035 

2.24e-4 

7.76 

13.839 

SL97 

0.70 

2.25e-4 

4.21 

14.523 

SL98 

5.00 

2.24e-4 

4.41 

13.931 

dP/dt  -  Rate  of  applied  external  load 

Kiscc  -  Threshold  stress  intensity  factor  in  stress  corrosion 

a,  -  Crack  length  at  the  beginning  of  the  experiment  measured  from  the  line 

of  applied  load 
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Fig.  50  Measurement  of  KISC(  via  an  incremental  load  test 


E 

E 

co 


O) 

c 

0 

a 

05 

L_ 

O 


Stress  Intensity  Factor,  K  (MPaVm) 

Fig.  51  Variations  of  crack  length  versus  stress  intensity  factor  at  different  NaCI 
concentrations  during  the  incremental  load  tests 


Figure  51  shows  the  variations  of  crack  length  with  the  stress  intensity  factor  during 
incremental  load  tests  in  solutions  with  different  NaCI  concentrations.  The  critical  point 
corresponding  to  the  threshold  stress  intensity  factor  for  SCC  can  be  detected  easily. 
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When  the  applied  stress  intensity  factor  is  larger  than  KISCC ,  the  crack  length  increases 

significantly  with  the  increase  of  stress  intensity  factor. 

Figure  52  shows  the  dependence  of  Klsccon  NaCI  concentration  of  the  corrosive 

solution.  When  the  concentration  of  NaCI  of  the  solution  is  less  than  0.35%,  the 
threshold  stress-intensity  factor  for  stress-corrosion  cracking  increases  significantly  with 
the  decrease  of  the  NaCI  concentration.  When  the  concentration  of  NaCI  of  the  solution 
is  in  the  range  of  0.35%  to  5%,  KISCC  is  approximately  around  4.4  MPa  Vw  ,  almost 
independent  of  NaCI  concentration.  KISCC  in  3.5%  NaCI  aqueous  solution  measured  in 
the  current  investigation  agrees  with  the  typical  value  reported  in  literature,  which 
ranges  from  4  to  7.75  MPaVw.  It  should  be  noted  that  the  measured  KISCC  may  be 
influenced  by  the  loading  rate  applied  in  the  test. 
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Fig.  52  Dependence  of  AT/srcon  NaCI  concentration 


11.5.  INFLUENCE  OF  NACL  CONCENTRATION  ON  FRACTURE  STRESS  INTENSITY 
FACTOR 

Extensive  stress  corrosion  experiments  were  conducted  on  7075-T651  aluminum 
alloy  in  NaCI  aqueous  solutions  of  different  concentrations.  For  some  stress  corrosion 
experiments,  the  applied  load  was  increased  gradually  with  time  (raising  load 
experiment)  at  different  loading  rates.  The  duration  of  each  experiment  ranged  from 
172  hours  (one  week)  to  as  long  as  6396  hours  (9  months).  The  incubation  time  and 
crack  growth  were  obtained.  At  the  same  time,  several  specimens  were  tested  until 
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final  fracture.  Therefore,  the  fracture  stress  intensity  factor  (Kf)  was  obtained  for  these 
specimens.  The  results  of  the  fracture  Kt  are  listed  in  Table  16  and  also  shown  in 
Fig. 53.  As  a  comparison,  two  identical  specimens  were  tested  in  dry  air  for  the  fracture 
stress  intensity  factor.  The  average  fracture  K  in  dry  air  was  found  to  be  24.2  M/Wm 
for  the  material  using  the  specimens  with  a  thickness  of  3.8  mm.  It  should  be  noticed 
that  the  term  “fracture  K”  or  “fracture  stress  intensity  factor”  is  used  here  to  distinguish  it 
from  the  fracture  toughness  ( KIC ).  This  is  because  KIC  is  obtained  using  a  thick 

specimen  assuming  plane  strain  condition  while  the  fracture  stress  intensity  factor,  Kn 

was  determined  using  specimens  with  a  small  thickness  (3.8  mm)  (refer  to  Fig. 25). 
Since  identical  specimens  were  used  in  all  the  experiments,  the  fracture  K  reflects  the 
fracture  strength  for  the  material  with  the  given  thickness. 


Table  16.  Fracture  stress  intensity  factor  with  different  NaCI  concentrations 


Spec# 

NaCI 

(%/M) 

Time  before 

fracture 
tf  (hours) 

Crack  length 
before  fracture 
ar(mm) 

Stress  Intensity 
Factor  at  fracture 

Kf  ( MPa\  m  ) 

SL114 

0.01/0.0017 

4367.7 

18.41 

24.77 

SL116 

0.01/0.0017 

3473.9 

19.15 

24.88 

SL106 

0.035/0.006 

6396.3 

15.96 

19.60 

SL105 

0.035/0.006 

1108.4 

31.90 

22.02 

SL104 

0.035/0.006 

1108.7 

20.64 

18.47 

SL67 

0.035/0.006 

2422.8 

26.48 

20.50 

SL69 

0.07/0.012 

322.2 

28.57 

22.63 

SL63 

0.10/0.017 

172.0 

26.50 

22.50 

SL72 

0.10/0.017 

48.3 

22.10 

22.10 

SL61 

0.35/0.06 

203.1 

32.12 

30.19 

SL99 

0.35/0.06 

372.5 

32.38 

22.93 

SL100 

0.35/0.06 

267.0 

27.22 

25.98 

SL101 

0.35/0.06 

178.4 

24.32 

23.63 

SL102 

0.35/0.06 

318.6 

33.75 

21.52 

SL62 

1.00/0.17 

206.6 

26.64 

21.30 

SL64 

2.00/0.34 

251.0 

29.38 

26.60 

SL65 

3.00/0.513 

304.7 

26.07 

21.60 

SL77 

3.50/0.60 

167.9 

17.36 

18.37 

SL37 

3.50/0.60 

218.2 

28.52 

25.66 

SL66 

5.00/0.855 

286.1 

29.76 

29.86 
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Fig.  53  Influence  of  NaCI  concentration  on  the  fracture  stress  intensity  factor  (the 
number  next  to  a  square  marker  indicates  the  time  to  fracture  in  hours) 


The  two  red  solid  circles  in  Fig. 53  are  the  results  of  fracture  K  obtained  in  dry  air 
(12%  relative  humidity)  at  room  temperature.  Again,  the  average  fracture  K  in  dry  air  is 

24.2  MPayfm .  The  fracture  K  values  at  different  NaCI  concentrations  show  a  scatter 

with  an  average  value  of  22.83  MPa4m  which  is  close  to  the  fracture  K  in  dry  air.  There 
is  no  clear  trend  in  the  influence  of  the  NaCI  concentration  of  the  fracture  stress 
intensity  factor.  Therefore,  the  current  experimental  results  listed  in  Table  16  and 
shown  in  Fig. 53  reveal  that  the  NaCI  concentration  has  no  influence  on  the  fracture 
stress  intensity  factor  from  a  statistics  point  view. 

The  time  shown  next  to  the  blue  square  markers  in  Fig. 53  (also  listed  in  Table  16)  is 
the  total  time  that  the  specimen  was  submerged  in  the  aqueous  solution  during  the 
stress  corrosion  testing.  The  results  suggest  that  the  duration  of  the  experiment  in  the 
NaCI  solution  has  no  influence  on  the  fracture  stress  intensity  factor  considering  the 
data  scatter.  It  should  be  noticed  that  the  maximum  duration  of  a  stress  corrosion 
experiment  in  the  current  investigation  was  9  months.  A  much  longer  duration  of 
submerging  time  in  the  NaCI  solution  might  influence  the  fracture  strength. 
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11.6.  DISCUSSION 


From  the  fracture  mechanics  point  of  view,  characterization  of  SCC  behavior  of  a 
material  is  evident  from  the  complete  curve  of  crack  growth  rate  versus  stress  intensity 
factor.  Similar  to  fatigue  crack  growth,  resistance  of  materials  to  SCC  can  be  evaluated 
based  on  the  comparison  of  crack  growth  velocities  corresponding  to  specific  range  of 
values  of  stress  intensity.  Since  rates  of  stress  corrosion  cracking  are  very  low  in 
aluminum  alloys,  the  use  of  servo  hydraulic  testing  equipment  becomes  unrealistic. 
Traditionally,  double  cantilever  beam  (DCB)  specimens  are  widely  used  to  evaluate  the 
SCC  behavior  of  an  engineering  component  subjected  to  plane  strain  state  in  service. 
In  this  type  of  crack  growth  test,  the  COD  of  the  specimen  is  kept  constant  and  the 
stress  intensity  factor  decreases  with  crack  propagation.  The  applied  load  cannot  be 
measured  directly  in  experiment  and  is  derived  based  on  some  empirical  equations  or 
pre-calibrated  curves  of  load  versus  crack  length.  However,  such  relationships  are  not 
applicable  when  variable  loading  is  introduced  during  the  test.  In  the  current 
investigation,  the  tendency  of  variation  of  stress  intensity  factor  with  crack  length  is 
adjustable  and  controllable  by  adding  or  removing  the  spring  washers  in  the  loading 
system.  The  load  can  be  measured  directly  from  the  displacement  of  the  O-ring  and 
their  relationship  is  inherent  and  consistent  and  is  not  relevant  to  the  loading  history  of 
the  specimen.  Therefore,  the  testing  technique  in  the  current  investigation  is  especially 
suitable  for  the  study  of  the  loading  history  effect  on  SCC  behavior  of  the  material. 

For  SCC  of  7075-T651  aluminum  alloy  in  3.5%  in  NaCI  aqueous  solution,  the  main 
operating  mechanisms  can  be  grouped  into  anodic  dissolution  (AD)  and  hydrogen 
embrittlement  (HE)  [88].  Mueller  [95]  claimed  that  when  HE  was  the  predominant 
mechanism  for  SCC,  extensive  metal  dissolution  was  not  necessary  for  crack  growth, 
and  the  crack  tip  radii  were  relatively  sharp  compared  with  AD  situation  that  was 
characterized  by  blunt  crack  tips.  In  the  current  investigation,  the  plateau  crack  growth 
rate  agrees  well  with  the  data  reported  in  literature  and  is  independent  of  the  stress 
intensity  factor  between  10-22  MPa\m  .  The  crack  tip  is  observed  to  be  sharp.  The 
stable  crack  growth  at  this  K  level  is  most  likely  dominated  by  HE  [88],  For  the  transient 
stage,  the  overall  crack  growth  rate  is  much  lower.  This  stage  is  possibly  governed  by 
AD  mechanism.  It  should  be  mentioned  that  physically  the  crack  tip  blunting  occurs  due 
to  delamination  (grain  boundary  separation)  as  a  result  of  combined  action  of  stress  and 
anodic  dissolution  [131]. 

In  addition  to  average  plateau  velocity,  another  important  fracture  mechanics 
parameter,  the  threshold  SCC  stress  intensity  (  KISCC  ),  is  determined  from  the 

experiments  on  pre-cracked  specimens.  The  KISCC  value  was  estimated  from  the 

decreasing  A' tests  as  4.5  MPa  Vm  ,  which  is  in  agreement  with  the  value  measured  from 
the  incremental  load  test  (Fig.  50),  and  also  agrees  with  the  previously  obtained  results 
ranging  from  4  to  7.75  MPa  Jm  [92,  131,  137],  It  should  be  mentioned  that  the 
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determination  of  the  threshold  stress  intensity  based  on  the  crack  growth  data  from  the 
experiments  under  increasing  K  control  can  lead  to  erroneous  result  due  to  the 
consistent  presence  of  the  transient  stage  in  SCC  propagation  (Fig.  35(b)).  The  present 
investigation  reveals  the  existence  of  transient  crack  growth  regardless  of  initially 
applied  stress  intensity  factor.  In  other  words,  the  crack  growth  rate  curve  does  not 
immediately  merge  with  the  plateau  regime  when  the  applied  stress  intensity  is  within 
the  plateau  range.  The  presence  of  transient  stage  can  mislead  towards  determination 
of  “pseudo”  threshold  stress  intensity. 

After  overloading  (or  underloading)  followed  by  unloading,  residual  compressive 
stress  (or  tensile  stress)  is  introduced  at  the  crack  tip.  For  specimens  with  different 
overload  or  underload  percentages,  the  imposition  of  residual  stress  to  the  applied 
stress  can  results  in  different  stress  state  at  the  crack  tip  although  identical  initial 
external  load  was  applied  in  the  subsequent  SCC  tests.  As  a  result,  different  extent  of 
HE  may  be  involved  for  these  loading  cases.  It  is  generally  agreed  that  hydrogen 
enrichment  is  a  necessary  condition  to  hydrogen  delayed  cracking.  A  hydrostatic 
positive  stress  field  enhances  accumulation  of  hydrogen  because  of  higher  solubility. 
Mao  et  al.  [138]  pointed  out  that  the  presence  of  hydrogen  together  with  applied  stress 
made  the  anodic  dissolution  reaction  more  dominant.  For  the  specimens  having 
experienced  underloading,  the  tensile  residual  stress  leads  to  a  higher  hydrostatic 
positive  stress  in  the  SCC  test.  Therefore,  the  mechanisms  governing  the  incubation  of 
SCC  can  be  different  from  the  specimens  subjected  to  overload  prehistory. 

The  results  of  SCC  experiments  conducted  in  the  present  investigation  under  two- 
step  high-low  loading  conditions  reveal  the  effect  similar  to  crack  growth  retardation 
observed  in  fatigue  crack  growth  when  the  loading  magnitude  is  reduced  during  the 
experiment.  It  was  determined  that  reduction  in  stress  intensity  factor,  i.e.  transition 
from  Step  1  to  Step  2  in  the  high-low  experiments,  introduces  the  second  period  of 
stress  corrosion  crack  incubation.  The  second  incubation  stage  is  more  prolonged  with 
a  greater  drop  in  the  applied  load  at  the  onset  of  Step  2.  The  arguments  stated  above 
regarding  effect  of  compressive  residual  stresses  after  overloading  on  incubation  time 
can  be  extended  to  the  case  of  the  high-low  sequence  experiments.  It  can  be 
suggested  that  compressive  residual  stress  at  the  end  of  high-loading  step  results  in 
dominance  of  anodic  dissolution  mechanism  as  opposed  to  hydrogen  enhanced 
cracking  typical  for  plateau  regime  which  leads  to  the  new  incubation  period  in  crack 
growth. 

In  SCC  tests,  a  general  requirement  of  all  pre-cracked  specimen  configurations  is 
that  the  dimensions  be  sufficient  to  maintain  predominantly  triaxial  stress  (plane  strain) 
conditions,  in  which  plastic  deformation  is  limited  to  a  very  small  region  in  the  vicinity  of 
the  crack  tip  [85].  The  specimen  thickness  should  be  larger  than  2.5(KIC/YS)2 ,  where 
Klr  is  the  plane-strain  fracture  toughness  and  YS  is  the  yield  stress  of  material.  For  the 
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material  in  the  S-L  direction  under  the  current  investigation,  Kl(.  *  25  MPa  and 

YS=43C  MPa.  Therefore,  the  specimen  thickness  is  required  to  be  larger  than  8.5  mm. 
The  specimen  thickness  used  in  the  current  investigation  was  3.8  mm,  which  is 
approximately  one  half  of  the  thickness  satisfying  the  plane-strain  condition.  Such  a 
thickness  results  in  a  plane  stress  condition  during  SCC  tests.  However,  the  obtained 
experimental  results  can  reflect  the  general  trends  of  the  SCC  behavior  of  the  material 
under  plane  strain  conditions,  such  as  the  influence  of  loading  level  on  the  incubation 
time,  the  overload/underload  effects  on  the  incubation  time,  and  the  stabilized  crack 
growth  behavior  which  is  K-independent.  Moreover,  the  stabilized  crack  growth  rate 
and  the  threshold  stress  intensity  factor  for  SCC  under  plane  stress  condition  are 
consistent  with  those  reported  in  literature  measured  under  plane  strain  conditions.  In 
the  current  study,  the  crack  length  is  measured  only  on  one  side  of  the  specimen 
surface  due  to  the  restriction  of  the  experimental  set-up.  However,  this  operation  has 
no  influence  on  the  determination  of  the  incubation  time.  In  addition,  the  crack  front 
profile  during  steady  propagation  keeps  unchanged.  The  selection  of  location  to 
measure  the  crack  length  has  minimal  influence  on  the  stabilized  crack  growth  rate. 

11.7.  CONCLUSIONS 

The  stress  corrosion  cracking  (SCC)  experiments  on  7075-T651  aluminum  alloy 
support  the  following  conclusions: 

1.  Three  different  stages  were  observed  for  SCC  growth  of  7075T651  aluminum  alloy: 
incubation,  transient  growth,  and  stable  growth.  Incubation  time  increases 
significantly  when  stress  intensity  factor  decreases,  following  a  power  law  format 
similar  to  the  S-N  curve  in  fatigue.  In  the  transient  stage,  the  crack  growth  rate  is 
low  and  generally  slows  down  until  stable  growth  stage  starts.  The  curve  of  crack 
growth  rate  versus  stress  intensity  factor  exhibits  a  plateau  when  the  stress  intensity 

factor  is  in  the  range  of  1 0~22  MPa  4m  . 

2.  Overloading  significantly  increases  the  incubation  time  while  underloading 
significantly  decreases  the  incubation  time.  The  high-low  sequence  loading  effect 
on  SCC  is  similar  to  the  overloading  effect.  Overloading/underloading  has  no 
apparent  influence  on  the  transient  and  stable  growth  behavior.  In  the  high-low 
sequence  loading,  the  transient  stage  can  be  very  short  or  disappear  completely. 

3.  The  NaCI  concentration  has  a  significant  influence  on  the  incubation  time  and  stable 
crack  growth  rate.  The  critical  NaCI  concentration  is  0.1%,  at  which  the  incubation 
time  is  shortest  and  the  stable  crack  growth  rate  is  the  fastest.  When  NaCI 
concentration  is  less  than  0.1%,  incubation  time  increases  significantly  and  crack 
growth  rate  decreases  significantly  with  the  decrease  of  NaCI  concentration. 
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4.  The  influence  of  NaCI  concentration  on  the  incubation  time  becomes  more 
significant  with  the  decrease  of  stress  intensity  factor.  At  a  high  stress  intensity 
factor,  the  incubation  time  is  mainly  determined  by  the  stress  intensity  factor  and  the 
influence  of  NaCI  concentration  is  insignificant. 

5.  The  threshold  stress-intensity  factor  for  stress-corrosion  cracking  ( KISCC )  in  solutions 
with  different  NaCI  concentrations  were  measured  by  incremental  load  tests.  When 
the  NaCI  concentration  of  solution  is  less  than  0.35%,  KISCC  increases  significantly 

with  the  decease  of  the  NaCI  concentration.  When  the  concentration  of  NaCI  of  the 
solution  is  in  the  range  of  0.35%  to  5%,  A:/S(X  is  approximately  around  4.4  MPaVw  , 
almost  independent  of  NaCI  concentration. 

6.  Influence  of  NaCI  concentration  on  the  fracture  stress  Intensity  factor  was  found  to 
be  insignificant. 
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APPENDIX  A  EXPERIMENTAL  CRACK  GROWTH  DATA  FOR 
STRESS  CORROSION  CRACKING  OF  AISI4340  STEEL 


Table  A1. 

Stress  Corrosion  Experimental  Data  for  Specimen  HT-24  (0%  NaCI, 
Constant  Load  Control,  P  =  3.40 kN ) 

t(s) 

a{mm) 

K(MPaylWi) 

dal  dt{mml  s ) 

0 

8.004 

25.70 

0 

122 

8.192 

26.19 

0.003198 

145 

8.228 

26.28 

0.003939 

165 

8.311 

26.49 

0.004583 

175 

8.360 

26.62 

0.005307 

191 

8.420 

26.78 

0.006695 

203 

8.567 

27.16 

0.007079 

216 

8.632 

27.34 

0.007510 

229 

8.767 

27.70 

0.007597 

248 

8.882 

28.00 

0.007081 

262 

8.995 

28.31 

0.007449 

283 

9.076 

28.53 

0.008310 

300 

9.282 

29.10 

0.009828 

321 

9.475 

29.64 

0.012450 

335 

9.665 

30.17 

0.014090 

347 

9.849 

30.70 

0  015100 

370 

10.258 

31.91 

0.01524 

385 

10.506 

32.66 

0.01459 

398 

10.757 

33.43 

0.01350 

432 

11.011 

34.24 

0.01115 

462 

11.348 

35.34 

0  01074 

497 

1 1 .642 

36.32 

0.01043 

512 

1 1 .977 

37.49 

0.01092 

546 

12.285 

38.59 

0.01104 

582 

12.591 

39.73 

0.01084 

605 

12  918 

41.00 

0.01053 

638 

13.312 

42.58 

0.01122 

669 

13.552 

43.59 

0.01342 

681 

13.724 

44.33 

0.01344 
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704 

14.047 

45.77 

0.01529 

720 

14447 

47.65 

0.01684 

746 

14.738 

49  08 

0.01683 

764 

15.181 

51.38 

0.01692 

788 

15.563 

53.50 

0.01650 

819 

15.984 

55.99 

0.01701 

835 

16.304 

58.00 

0.01679 

853 

16.623 

60.11 

0.01690 

876 

17.034 

63.02 

0.01731 

907 

17.570 

67.16 

0.01657 

931 

17.916 

70.07 

0.01609 

960 

18.358 

74.09 

0.01588 

981 

18.760 

78.07 

0.01560 

1,010 

19.149 

82.27 

0.01548 

1,032 

19.536 

86.82 

0.01539 

1,055 

19.846 

90.77 

0.01530 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  A2.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-26  (0%  NaCI, 

Constant  Load  Control,  P  =  3.00 kN ) 

t(s) 

K{MPaJm ) 

dal  dt(mml  5) 

0 

8.006 

22.74 

0 

611 

8.188 

23.16 

0.01086 

631 

8.406 

23.66 

0.01156 

661 

8.718 

24.39 

0.01260 

675 

8.959 

24.96 

0.01263 

690 

9.145 

25.41 

0.01286 

704 

9.345 

25.90 

0.01386 

722 

9.534 

26.37 

0.01365 

740 

9.786 

27.00 

0.01357 

757 

10.144 

27.93 

0.01283 

782 

10401 

28.61 

0.01114 

802 

10.603 

29.16 

0.00949 

834 

10.802 

29.70 

0.00810 

873 

10.956 

30.13 

0.00859 

894 

11.311 

31.15 

0.00934 

915 

1 1 .534 

31.81 

0.00944 

946 

11.769 

32.52 

0.00994 

961 

11.986 

33.19 

0.00991 

991 

12.183 

33.82 

0.01163 

1,012 

12.440 

34.65 

0.01309 

1,032 

12.754 

35.70 

0.01474 

1,043 

12.961 

36.42 

0.01470 

1,061 

13.199 

37.26 

0.01495 

1,074 

13.432 

38.12 

0.01444 

1,107 

13.828 

39.63 

0.01268 

1,122 

14.084 

40.65 

0.01303 

1,144 

14.297 

41.52 

0.01307 

1,166 

14.516 

42.45 

0.01371 

1,182 

14.868 

44.01 

0.01424 

1,204 

15.131 

45.22 

0  01483 

1,222 

15.429 

46.66 

0.01439 

1,235 

15.637 

47.71 

0.01445 

1,255 

15.891 

49.03 

0.01515 

1,279 

16.154 

50.46 

0.01676 

1,295 

16.578 

52.91 

0.01848 
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1,320 

16.962 

1,333 

17.330 

1,347 

17.640 

1,359 

17.855 

1,371 

18.095 

1,389 

18.442 

1,406 

18.733 

1,429 

19.113 

1,441 

19  473 

55.29 

0.02079 

57.73 

0.02092 

59.93 

0.02039 

61.52 

0.02064 

63.39 

0.01910 

66.26 

0.01875 

68.83 

0.01919 

72.43 

0  01977 

76.13 

0.02008 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor, 
da/dt=crack  growth  rate. 
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Table  A3.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-27  Step2  (3.5% 
NaCI,  S  =  0.042/wm)  and  Step3  (3.5%  NaCI,  P  =  l.00kN) 


'(*) 

a(mni) 

K(MPayfm) 

dal  dt  (mm/ s) 

Step2  (3.5%  NaCI,  constant  COD  control,  S  = 

0.042 mm) 

0 

10.309 

15.67 

0.0044235 

32 

10.454 

15.37 

0.0042395 

65 

10.576 

15.19 

0.0040497 

100 

10.752 

14.97 

0.0038483 

148 

10.930 

14.64 

0.0035722 

203 

11.062 

14.27 

0.0032468 

269 

11.285 

14.06 

0.0028975 

343 

11.510 

13.90 

0.002461 1 

422 

11.666 

13.40 

0.0020556 

522 

11.875 

13.41 

0.0016701 

677 

12.010 

13.25 

0.0011818 

890 

12.177 

13.29 

0.0008148 

1,160 

12.332 

13.24 

0.0006024 

1,368 

12.390 

13.20 

0  0005046 

1,621 

12.463 

13.07 

0.0004446 

1,730 

12.579 

13.11 

0.0004138 

1,966 

12.707 

13.02 

0  0003665 

2,469 

12.826 

12.82 

0.0003240 

2,868 

12.957 

12.50 

0.0002942 

3,468 

13.016 

12.28 

0.0002435 

4,068 

13  242 

12.17 

0.0002034 

4,416 

13.389 

12.05 

0.0001858 

5,016 

13.408 

11.89 

0.0001553 

7,424 

13.536 

11.85 

0.0002327 

8,029 

13,629 

11.85 

0.0003131 

8,419 

13.925 

11.83 

0.0003229 

8,549 

14.130 

11.73 

0.0001721 

8,952 

14.198 

11  87 

0.0003318 

9,334 

14.199 

11.83 

0.0003168 

9,748 

14.325 

11.80 

0.0001857 

Step3  (3.5%  NaCI,  constant  load  control,  P  = 

=  1.00JW) 

13,138 

14.562 

14.22 

0.00031787 

13,170 

14.663 

14.36 

0.0007822 
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13,227 

14.846 

14.64 

0.0021169 

13,277 

15.085 

15.00 

0.0041558 

13,333 

15.349 

15.42 

0.0042518 

13,404 

15.631 

15.89 

0.004435 

13,460 

15.873 

16.31 

0.0045689 

13,513 

16.153 

16.82 

0.0045654 

13,583 

16.450 

17.38 

0.0045736 

13,637 

16.714 

17.91 

0.0046689 

13,709 

17.080 

18.69 

0.0047003 

13,785 

17.394 

19.39 

0.0047469 

13,857 

17.701 

20.12 

0.004817 

13,921 

18.074 

21.08 

0.0047653 

13,985 

18.368 

21.88 

0.0046748 

14,040 

18.657 

22.71 

0.0046467 

14,101 

18.945 

23.60 

0.004532 

14,178 

19.258 

24.63 

0.0042749 

14,266 

19.614 

25.89 

0.0040652 

14,338 

19.895 

26.96 

0.0040183 

14,428 

20.230 

28.33 

0.0040169 

14,486 

20  483 

29.45 

0.0040659 

14,559 

20.717 

30.55 

0.0041295 

14,709 

21.407 

34.20 

0.0042836 

14,803 

21.801 

36.61 

0.0043102 

14,894 

22.275 

39.91 

0.0041649 

14,991 

22.669 

43.04 

0.0040962 

15,067 

22.948 

45.50 

0.0040907 

15,139 

23.253 

48.46 

0.0040175 

15,255 

23.604 

52.28 

0.0038997 

15,329 

23.957 

56.64 

0.0038245 

15,387 

24.277 

61.13 

0.0037656 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

S  =  COD=crack  opening  displacement 
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Table  A4.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-33  Step2  (0% 
_ NaCI,  8  =  0.062mm)  and  Step3  (0%  NaCI,  P  =  0MN) _ 

1 0)  a(mm)  K  (MPa  4m)  daldt(mmls) 


Step2  (0%  NaCI,  constant  COD  control,  S  =  0.062mm) 


0 

7.994 

23.87 

0.01102 

33 

8.316 

23.76 

0.01125 

66 

8.682 

23.64 

0.01147 

92 

9.017 

23.53 

0.01165 

130 

9.408 

23.04 

0.01191 

162 

9.779 

22.67 

0.01142 

185 

10.218 

22.56 

0.01121 

217 

10.588 

22.01 

0.01055 

256 

10.941 

20.65 

0.009692 

313 

11.306 

19.08 

0.008103 

349 

1 1 .642 

18.65 

0.007243 

400 

11.965 

17.99 

0.006774 

447 

12.262 

17.56 

0.006629 

501 

12.534 

17.12 

0.006564 

556 

12.896 

16.82 

0.006526 

605 

13.284 

16.45 

0.006513 

657 

13.655 

15.83 

0.00655 

714 

13.988 

15.55 

0.00652 

767 

14.363 

15.27 

0.00634 

832 

14.712 

14.92 

0.006034 

877 

15.029 

14.73 

0.005998 

930 

15.325 

14.10 

0  00572 

992 

15.681 

13.84 

0.005205 

1,046 

15.947 

13.93 

0.004799 

1,086 

16.268 

13.99 

0.00435 

1,178 

16.548 

13.69 

0.002862 

1,277 

16.765 

13.55 

0.001881 

1,400 

16.916 

13.47 

0.001151 

1,523 

16.951 

13.49 

0.0004497 

3,830 

16.953 

13.38 

0  0005682 

Step3  (0%  NaCI,  constant  load  control, 

P  =  0MN) 

4,198 

16.953 

14.77 

0.001539 

4,277 

17.159 

15.13 

0.002395 
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4,323 

17.480 

15.71 

0.003064 

4,374 

17.793 

16.32 

0.005963 

4,423 

18.099 

16.96 

0.006541 

4,478 

18.454 

17.74 

0.0071 

4,524 

18.820 

18.62 

0.007372 

4,565 

19.157 

19.48 

0.007787 

4,613 

19.493 

20.41 

0.008221 

4,661 

19.878 

21.57 

0.008734 

4,700 

20.223 

22.70 

0.009277 

4,734 

20.593 

24.03 

0.009589 

4,770 

20905 

25.24 

0.009788 

4,799 

21.224 

26.60 

0.01026 

4,831 

21.598 

28.34 

0.01066 

4,868 

21.936 

30.09 

0.01112 

4,905 

22.264 

31.95 

0.01173 

4,936 

22.753 

35.09 

0.0121 

4,965 

23.109 

37.72 

0  01249 

5,003 

23.598 

41.88 

0.01319 

5,036 

24.040 

46.32 

0.01383 

5,058 

24.300 

49.32 

0.01464 

5,082 

24.635 

53.64 

0.01544 

5,104 

24.992 

59.00 

0.01618 

5,127 

25  384 

65.91 

0.01694 

5,141 

25.701 

72.55 

0  01741 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load, 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

S  =  COD=crack  opening  displacement 
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Table  A5.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-34  step2  (0.35% 
NaCI,  S  =  0.070mm)  and  step3  (0.35%  NaCI,  P  =  \A0kN) 

t(s) 

a(mm) 

K(MPayfm) 

dal  dt(mml s) 

Step2  (0.35%  NaCI,  constant  COD  control,*?  = 

0.070mm) 

0 

8.564 

10.88 

0.0045476 

18 

8.586 

18.33 

0.0045554 

54 

8.710 

18.19 

0.0045709 

94 

8.870 

18.03 

0.0045881 

136 

9.097 

17.89 

0.0046062 

160 

9.364 

17.97 

0.0047488 

208 

9.482 

17.76 

0.0047251 

254 

9.663 

17.42 

0  0045833 

299 

9.875 

17.24 

0.0042583 

334 

10.040 

17.11 

0.0039752 

394 

10.295 

16.84 

0.0039378 

462 

10.579 

16.29 

0.003596 

547 

10.811 

16.00 

0.0031899 

607 

11.002 

15.76 

0.0030248 

707 

11  204 

15.29 

0.0028926 

781 

11.447 

15.09 

0.0028452 

857 

11.653 

14.84 

0.0028807 

987 

12.062 

14.40 

0.0029618 

1,074 

12.337 

14.70 

0.0030657 

1,163 

12.598 

13.92 

0.003074 

1,322 

13.049 

13.51 

0.0030966 

1,449 

13.483 

13.17  . 

0.0029594 

1,584 

13  956 

12.90 

0.002737 

1,710 

14.302 

12.92 

0.0024199 

1,831 

14.648 

13.02 

0.0021358 

1,998 

14.869 

12.86 

0.0014589 

2,135 

15  090 

12.95 

0.0006776 

2,479 

15.175 

12.96 

0.0001979 

3,035 

15.177 

12.84 

0.0001108 

3,787 

15.180 

12.75 

5.1245e-05 

5,918 

15.188 

12.39 

1.7148e-05 
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Step3  (0.35%  NaCI,  constant  load  control,  P  =  \A0kN) 


12,732 

15.188 

16.77 

0.0001066 

12,815 

15.282 

16.94 

0.0002126 

12,896 

15.430 

17.20 

0.0004657 

12,965 

15.704 

17.71 

0.0028535 

13,060 

15.965 

18.22 

0.0028526 

13,186 

16.374 

19.06 

0.0030702 

13,322 

16.807 

20.02 

0  0031568 

13,442 

17.191 

20.93 

0.0032161 

13,590 

17.593 

21.97 

0.0030893 

13,690 

17.923 

22.87 

0.0030852 

13,748 

18.204 

23.69 

0.0031741 

13,859 

18.590 

24.90 

0.0032281 

14,056 

18.980 

26.22 

0.0033964 

14,135 

19.329 

27.51 

0.0034317 

14,237 

19.834 

29.55 

0.0035469 

14,353 

20.184 

31.11 

0.0038041 

14,476 

20.640 

33.37 

0.004129 

14,585 

21.041 

35.59 

0.0042435 

14,690 

21.518 

38  54 

0.0043371 

14,747 

21  849 

40.83 

0.0042526 

14,831 

22.264 

44  04 

0.004182 

14,930 

22.654 

47.46 

0.0038827 

15,016 

23.014 

51.00 

0.0036228 

15,148 

23.422 

55.56 

0.0032237 

15,266 

23.715 

59.27 

0.002867 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

8  =  COD=crack  opening  displacement 
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Table  A6.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-40  step2  (0.0035% 
_ NaCI,  S  =  0.05\mm)  and  step3  (0.0035%  NaCI,  P  =  \.00kN) _ 

t(s)  a(mm)  K{MPaJm)  daldt{mmls) 


Step2  (0.0035%  NaCI,  constant  COD  control,  S  =  0.05  \mm) 


0 

7.223 

16.93 

0.006929 

86 

7.763 

16.38 

0.006963 

169 

8.265 

15.84 

0.006996 

231 

8.741 

15.40 

0.007021 

285 

9.150 

15.10 

0.007043 

352 

9.713 

14.75 

0.006881 

408 

10.101 

14.51 

0.006716 

470 

10  495 

14.09 

0.006230 

553 

11.002 

13.55 

0.005524 

634 

11.364 

13.05 

0.005016 

716 

11.726 

12.52 

0.004600 

782 

11.980 

12.21 

0.004145 

837 

12.245 

11.84 

0.003757 

903 

12.595 

11  82 

0.003387 

990 

12.842 

11.48 

0.002780 

1,070 

12.970 

11.29 

0.002014 

1,158 

13.113 

11.24 

0.000823 

1,286 

13.190 

11.24 

0.000545 

1,575 

13.233 

11.24 

0.000296 

2,021 

13.267 

11.12 

9.645e-05 

Step3  (0.0035%  NaCI,  constant  load  control,  P  = 

1  .OOArTV ) 

5,514 

13.405 

12.64 

0.000838 

5,575 

13.684 

12.99 

0.001777 

5,647 

14.047 

13.46 

0.003641 

5,715 

14,393 

13.94 

0.005569 

5,811 

14.922 

14.71 

0.005811 

5,892 

15.451 

15.55 

0.006155 

5,978 

16.009 

16.51 

0.00642 

6,046 

16.450 

17.34 

0  006636 

6,121 

16.895 

18.24 

0.006791 

6,188 

17.442 

19.45 

0  006957 

6,260 

17.899 

20.57 

0  007092 

6,330 

18.430 

21.99 

0  007133 
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6,407 

18.953 

23.56 

0.007107 

6,466 

19.456 

25.25 

0.006996 

6,539 

19.956 

27.13 

0.006995 

6,617 

20.451 

29.22 

0.007 

6,684 

20.887 

31.30 

0.006862 

6,760 

21.392 

34.02 

0.00693 

6,821 

21.872 

36.98 

0.007244 

6,864 

22.241 

39.56 

0.007623 

6,929 

22.532 

41.80 

0.008124 

6,965 

22.913 

45.05 

0.008419 

6,999 

23.255 

48.35 

0.008698 

7,050 

23.730 

53.63 

0.009115 

7,095 

24.125 

58.77 

0.009484 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

S  =  COD=crack  opening  displacement 
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Table  A7.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-39  step2  (0.0105% 
NaCI,  <5  =  0.063mm)  and  step3  (0.0105%  NaCI,  P  =  \.\0kN) 

«s) 

a(mm) 

K(MPayfm) 

dal  dt{mm!  s) 

Step2  (0.0105%  NaCI,  constant  COD  control,  S  =  0.063 mm) 

0 

10.155 

21.38 

0.005373 

29 

10.236 

21.54 

0.005529 

67 

10.525 

21.11 

0.005734 

121 

10.858 

20.38 

0.006026 

204 

11.316 

19.10 

0.006347 

294 

1 1 .938 

18.60 

0.006343 

357 

12.403 

18.09 

0.006418 

449 

12.867 

17.07 

0.006546 

515 

13.376 

16.80 

0.006841 

581 

13.793 

16.23 

0.007008 

638 

14.197 

15.59 

0.007169 

707 

14.790 

15.27 

0.006976 

776 

15.242 

14.80 

0.006612 

846 

15.678 

14.40 

0.006105 

916 

16.104 

13.96 

0.005479 

993 

16.433 

13.38 

0.005007 

1,069 

16.858 

13.24 

0.004534 

1,168 

17.255 

12.82 

0.003759 

1,251 

17.573 

12.59 

0.003203 

1,350 

17.884 

12.23 

0.00248 

1,461 

17.973 

11.93 

0.001873 

1,611 

18.186 

11.68 

0.001353 

1,751 

18.430 

11  85 

0.001048 

1,921 

18.517 

11.83 

0.000697 

3,431 

Step3  (0.0105% 
18.622 

NaCI,  constant  load  control,  P  =  l. 
24.80 

10  kN) 

0.001374 

3,482 

18.925 

25.82 

0.003444 

3,582 

19.250 

26.99 

0.004791 

3,639 

19.610 

28.39 

0.005155 

3,704 

19.954 

2984 

0.005539 

3,755 

20.215 

31.02 

0.005784 

3,806 

20.546 

32.62 

0.005699 

3,867 

20.930 

34.67 

0.005359 
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3,921 

21.209 

36.29 

0.005036 

3,971 

21.465 

37.89 

0.00488 

4,032 

21.639 

39.04 

0.004672 

4,073 

21.875 

40.71 

0.004532 

4,119 

22.163 

42.89 

0.004374 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

8  =  COD=crack  opening  displacement 
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Table  A8.  Stress  Corrosion  Experimental  Data  for  Specimen  for  HT-37  stepl 
(0.015%  NaCI,  dP/dt_=j0A00N_/sj_and  step2  (0.015%  NaCI,  <?  =  0.24mm ) 

t(s)  a(mm )  K(MPayfm)  da/dt(mm/s ) 

Stepl  (0.015%  NaCI,  constant  load  rate  control,  dP/dt  =  0.\00N / s) 


0 

6.036 

8.349 

0 

708 

6.036 

8.797 

0 

3,434 

6.036 

10.58 

6.43e-05 

3,960 

6.036 

10.77 

8.62e-05 

4,053 

6.077 

10.89 

0.000153 

4,481 

6.105 

11.17 

0.000438 

4,596 

6.170 

11.33 

0.000981 

4,665 

6.248 

11.47 

0.001361 

4,726 

6.366 

11.66 

0.001612 

4,848 

6.529 

11.96 

0.002328 

4,927 

6.776 

12  32 

0.002589 

5,021 

7.071 

12.76 

0.002844 

5,104 

7.371 

13.22 

0.003166 

5,236 

7.726 

13.80 

0.003292 

5,334 

8.037 

14.32 

0.003547 

5,415 

8.371 

14.86 

0.004007 

5,525 

8.762 

15.50 

0.004721 

5,593 

9.105 

16.11 

0.005316 

5,651 

9.498 

16.76 

0.005487 

5,714 

9.818 

17.34 

0  005411 

5,758 

10.137 

17.92 

0  005312 

5,829 

10.487 

18.57 

0.004774 

5,922 

10  813 

19.24 

0.004333 

5,998 

11.139 

19.91 

0.004016 

6,066 

11.451 

20.58 

0.003909 

6,158 

1 1 .780 

21.33 

0.003854 

6,258 

12.142 

22.18 

0.003713 

6,344 

12.474 

22.98 

0  003762 

6,440 

12.796 

23.77 

0.003918 

6,513 

13.085 

24.58 

0.003991 

6,579 

13.397 

25.41 

0.004068 

6,650 

13.683 

26.23 

0.004136 

6,729 

13.995 

27.16 

0.004214 

6,811 

14.349 

28.23 

0.004213 
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6,895 

14.652 

29.24 

0.004559 

6,958 

15.024 

30.47 

0.004826 

7,049 

15.366 

31.74 

0.004995 

7,120 

15  859 

33.57 

0.004945 

7,177 

16.158 

34.79 

0.004892 

7,249 

16.440 

36.00 

0.005142 

7,318 

16.736 

37.37 

0.005376 

7,411 

17.216 

39.70 

0.006378 

7,457 

17.618 

41.73 

0.005280 

7,504 

17.979 

43.73 

0.005415 

7,563 

18.373 

46.05 

0.004871 

7,832 

18.691 

39.99 

0.003012 

Step2  (0.01 5%  NaCI,  constant  COD  control,  S  = 

0.24  mm) 

7,861 

18.881 

39.17 

0  005362 

7,901 

19.189 

38.46 

0.006784 

7,938 

19.378 

37.64 

0.007135 

7,971 

19.703 

37.45 

0.007110 

8,008 

19.986 

37.13 

0.006989 

8,095 

20.515 

37.83 

0.006426 

8,132 

20.749 

34.20 

0.006454 

8,185 

21.139 

33.44 

0.006470 

8,249 

21.402 

32.80 

0.006484 

8,298 

21  900 

31.66 

0.006254 

8,352 

22.203 

30.63 

0.005929 

8,398 

22.455 

30.27 

0.005625 

8,448 

22.702 

29.52 

0.004741 

8,501 

22.974 

28.71 

0.004500 

8,580 

23  224 

27.36 

0.004441 

8,631 

23.438 

26.03 

0.004353 

8,680 

23.738 

26.95 

0.004134 

8,736 

23.983 

26.25 

0.004249 

8,803 

24.232 

25.38 

0.003968 

8,883 

24.457 

23.97 

0.003877 

8,972 

24.826 

22.87 

0.004301 

9,030 

25.065 

22.09 

0.004408 

9,132 

25.597 

21.44 

0.004602 

9,174 

25.844 

21.37 

0.004561 
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9,251 

26.113 

20.17 

0.004424 

9,307 

26.373 

19.27 

0.004317 

9,364 

26.603 

18.65 

0  004414 

9,421 

26.868 

17.83 

0.004429 

9,474 

27.103 

17.87 

0.004313 

9,522 

27  356 

17.66 

0.004073 

9,590 

27.593 

16.59 

0.003499 

9,641 

27.787 

16.88 

0.002959 

9,698 

27.903 

16.64 

0.002289 

9,759 

28.046 

16.61 

0.001573 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate 
S  =  COD=crack  opening  displacement 
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Table  A9.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-29  (0%  NaCI, 
constant  displacement  control,  A  =  0. 1 9 1  mm ) 

t(s) 

a(mm) 

K(MPayfm) 

dal  dt(mml  s) 

0 

8.048 

26.81 

0 

197 

8,081 

26.20 

0.005999 

215 

8.226 

26.51 

0.006977 

232 

8.357 

26.73 

0.007901 

245 

8.500 

27.00 

0.008607 

265 

8.741 

27.37 

0.009694 

283 

8.929 

27.74 

0.01067 

299 

9.188 

28.18 

0.01115 

319 

9.312 

28.22 

0.01131 

331 

9.457 

28.45 

0.01136 

348 

9.620 

28.64 

0.01099 

360 

9.853 

29.02 

0.01061 

375 

10.032 

29.12 

0.01021 

394 

10.215 

29.09 

0.009607 

408 

10.341 

29.20 

0.009515 

422 

10.507 

29.31 

0.009052 

450 

10.684 

29.14 

0.008424 

472 

10.782 

28.82 

0.008157 

493 

10.902 

28.64 

0.008441 

507 

11.044 

28.69 

0.008487 

522 

11.236 

29.00 

0.008442 

541 

11.386 

28.94 

0  008328 

561 

11.584 

28.78 

0.008324 

583 

11.765 

28.89 

0.008389 

595 

11.985 

29.25 

0.008485 

614 

12.074 

29.26 

0.008291 

631 

12.147 

29.18 

0.008085 

650 

12.229 

28.88 

0.007977 

679 

12.434 

28.87 

0.007815 

699 

12.677 

29.11 

0.007781 

721 

12.892 

28.98 

0.007814 

742 

13.088 

29.01 

0.008075 

762 

13.215 

28.97 

0.008228 

778 

13.319 

28.94 

0.00833 

797 

13.419 

28.8 

0.008222 
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815 

13.601 

28.86 

0.007779 

835 

13.771 

28.92 

0.007629 

856 

13.981 

29.01 

0.007624 

873 

14.113 

28.98 

0  007734 

893 

14.286 

29.01 

0.007799 

915 

14.419 

28.78 

0.007818 

949 

14.527 

28.19 

0.007965 

969 

14.756 

28.61 

0.008285 

989 

14.964 

28.84 

0.008747 

1,020 

15.220 

28.41 

0.009571 

1,042 

15.424 

28.32 

0.01034 

1,063 

15.579 

28.26 

0.01096 

1,075 

15.783 

28.69 

0.01126 

1,089 

15.980 

28.93 

0.01123 

1,106 

16.189 

28.67 

0.01138 

1,127 

16.380 

28.25 

0.01146 

1,140 

16.610 

28.55 

0.01152 

1,160 

16.839 

28.65 

0.01133 

1,179 

17.081 

28.74 

0.0109 

1,200 

17.243 

28.38 

0.01054 

1,216 

17.427 

28.40 

0.01045 

1,245 

17.651 

28.46 

0.01031 

1,261 

17.818 

28.42 

0.01013 

1,275 

17.997 

28.35 

0.01002 

1,292 

18.184 

27.87 

0.00997 

1,311 

18.331 

27.74 

0.01007 

1,331 

18.597 

28.26 

0.01016 

1,351 

18.795 

28.08 

0  01024 

1,371 

18.961 

27.51 

0.009994 

1,389 

19.124 

27.47 

0.009692 

1,411 

19.348 

27.63 

0.009408 

1,429 

19.543 

26.45 

0.00922 

1,447 

19.771 

26.80 

0.008958 

1,469 

19.960 

27.15 

0.008903 

1,492 

20.082 

27.33 

0.008883 

1,519 

20.281 

27.10 

0.008866 

1,536 

20.422 

25.87 

0.008907 

1,559 

20.613 

25.98 

0.008988 
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1,583 

20.829 

26.26 

0.009116 

1,600 

21.079 

26.84 

0.009267 

1,623 

21.277 

26.53 

0.009467 

1,646 

21.483 

26.21 

0.009556 

1,662 

21.680 

26.11 

0.009634 

1,687 

21.884 

26.25 

0.009613 

1,720 

22.208 

25.40 

0.009499 

1,736 

22  342 

25.47 

0.009259 

1,758 

22.512 

25.65 

0.00905 

1,772 

22.668 

25.79 

0.00898 

1,789 

22.879 

25.31 

0.008781 

1,806 

23.023 

25.06 

0  00873 

1,822 

23.160 

25.36 

0.008601 

1,846 

23.308 

24.96 

0.008522 

1,859 

23  404 

24.46 

0.008491 

1,870 

23.537 

24.50 

0  008329 

1,892 

23.683 

24.03 

0.008169 

1,913 

23  880 

24.06 

0.008206 

1,933 

24.022 

23.39 

0  008283 

1,954 

24.246 

23.47 

0.008337 

1,976 

24.428 

23.40 

0.008212 

1,990 

24  542 

23.35 

0.008162 

2,009 

24.638 

22.52 

0.008063 

2,026 

24.804 

22.42 

0.007969 

2,047 

24999 

22.55 

0.007845 

2,075 

25.210 

22.33 

0.007585 

2,100 

25.373 

21.63 

0.007401 

2,121 

25.574 

21.80 

0.007301 

2,149 

25.700 

21.04 

0.007199 

2,166 

25.898 

21.39 

0.007108 

2,193 

26.053 

20.58 

0.007065 

2,218 

26  209 

18.99 

0.007071 

2,245 

26.357 

19.24 

0.006993 

2,262 

26.514 

19.56 

0.006918 

2,283 

26  683 

19.16 

0.00686 

2,308 

26  856 

18.52 

0.006646 

2,328 

27  021 

17.70 

0.006594 

2,353 

27.186 

18.16 

0.006425 
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2,370 

27.244 

17.86 

0.006316 

2,387 

27.371 

17.83 

0.006077 

2,413 

27.511 

14.89 

0.00578 

2,439 

27  652 

15.50 

0.005492 

2,459 

27.778 

16.05 

0.005089 

2,473 

27.853 

15.95 

0.004871 

2,495 

27.980 

15.89 

0.004564 

2,514 

28.062 

15.68 

0.004228 

2,528 

28.121 

15.33 

0.004022 

2,561 

28259 

14.66 

0.003328 

2,598 

28.313 

15.15 

0.002935 

2,638 

28.382 

14.93 

0.00251 

2,656 

28.440 

15.25 

0.002319 

2,674 

28  502 

15.60 

0.002128 

2,708 

28  542 

15.72 

0.001767 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

A  =displacement  at  the  loading  point 
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Table  A10.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-30  (3.5%  NaCI, 
constant  displacement  control,  A  =  0.141  mm ) 

t(s) 

a(mm) 

K(MPaJm) 

dal  dt(mml  5) 

0 

8.00 

21.61 

0 

187 

8.04 

21.38 

0.002908 

215 

8.199 

21.62 

0.00345 

235 

8.309 

21.77 

0.003837 

246 

8.414 

21.92 

0.00405 

265 

8.511 

22.02 

0.004418 

287 

8.640 

22.10 

0.005348 

318 

8.744 

22.15 

0.005016 

335 

8.901 

22  31 

0.004832 

371 

9.033 

22.26 

0.004588 

406 

9.177 

22.29 

0.004447 

448 

9.316 

22.16 

0.004334 

493 

9.512 

22.12 

0.00437 

509 

9.700 

22.38 

0.004356 

558 

9.828 

22.17 

0.004404 

594 

9.943 

22.05 

0.004415 

623 

10.104 

22.08 

0.004424 

657 

10.301 

22.09 

0.004286 

698 

10.498 

22.07 

0.004072 

754 

10.683 

21.96 

0.004004 

797 

10.875 

21.93 

0  003896 

835 

1 1 .024 

21.89 

0.003739 

893 

11.171 

21.60 

0.00361 1 

947 

1 1 .340 

21.72 

0.003555 

990 

11.505 

21.69 

0.003468 

1,045 

11.762 

21.92 

0.003284 

1,093 

11.913 

21.90 

0  003287 

1,133 

12.059 

21.76 

0.003266 

1,169 

12.161 

21.74 

0.003206 

1,225 

12.287 

21.87 

0  003052 

1,301 

12  458 

21.67 

0  00293 

1,336 

12.682 

21.82 

0  002963 

1,404 

12.808 

21.66 

0.00297 

1,450 

12.958 

21.49 

0.002995 

1,490 

13.092 

21.57 

0.003151 
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1,538 

13219 

21.39 

0.003283 

1,569 

13.360 

21.47 

0.003345 

1,635 

13.507 

21.21 

0.00361 

1,675 

13.642 

21.26 

0.003676 

1,708 

13.858 

21.25 

0.003702 

1,758 

14.038 

21.32 

0.003722 

1,791 

14.208 

21.44 

0.003713 

1,837 

14.334 

21.31 

0.003748 

1,879 

14.490 

21.00 

0.003646 

1,925 

14.647 

21.11 

0.003478 

1,973 

14.792 

21.23 

0.003377 

2,012 

14.940 

21.28 

0.003311 

2,057 

15.089 

21.02 

0.003317 

2,131 

15.352 

20.96 

0.003256 

2,179 

15.504 

20.88 

0.003206 

2,249 

15.663 

20.64 

0.003318 

2,298 

15.868 

20.76 

0.003335 

2,346 

16.020 

20.43 

0.003383 

2,390 

16.157 

20.47 

0.003409 

2,433 

16.259 

20.36 

0.003418 

2,468 

16.526 

20.57 

0.003448 

2,542 

16.702 

20.32 

0.003363 

2,590 

16.888 

19.73 

0003395 

2,632 

17.027 

19.92 

0.003429 

2,684 

17.158 

20.02 

0.003494 

2,735 

17.279 

19.98 

0  003438 

2,762 

17  449 

20.20 

0  003507 

2,809 

17.629 

19.86 

0.003532 

2,858 

17  803 

19.49 

0.003591 

2,904 

18.001 

19.70 

0.003609 

2,953 

18.112 

19.63 

0.003513 

3,000 

18.324 

19.74 

0.003368 

3,045 

18458 

19.56 

0.003382 

3,090 

18.622 

19.46 

0.003447 

3,145 

18.772 

19.36 

0.003587 

3,192 

18  891 

19.10 

0.003796 

3,243 

19.083 

18.93 

0.003889 

3,285 

19.305 

19.09 

0.003977 
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3,330 

19.512 

18.56 

0.004067 

3,364 

19.670 

18.71 

0.004169 

3,414 

19.908 

19.04 

0.004184 

3,468 

20.075 

19.08 

0.004024 

3,510 

20.238 

18.77 

0.003895 

3,559 

20.448 

18.60 

0.00377 

3,607 

20.635 

18.32 

0.003696 

3,658 

20.810 

18.40 

0.003649 

3,698 

20.914 

18.16 

0.003648 

3,741 

21.110 

17.99 

0.003631 

3,799 

21.290 

17.82 

0.00367 

3,853 

21.502 

17.26 

0.003728 

3,903 

21.688 

17.44 

0  003764 

3,947 

21.832 

17.38 

0.00377 

3,997 

22.045 

16.98 

0.003779 

4,055 

22.313 

17.08 

0  003832 

4,120 

22.545 

17.01 

0.003822 

4,170 

22.697 

16.60 

0.003812 

4,231 

22.896 

16.39 

0.003777 

4,267 

23.095 

16.44 

0.003761 

4,327 

23.328 

16.18 

0.003759 

4,399 

23.580 

15.97 

0.003838 

4,485 

23.893 

15.44 

0  003924 

4,544 

24.090 

15.28 

0.004044 

4,581 

24.293 

15.28 

0.003961 

4,630 

24.490 

14.72 

0.003939 

4,690 

24.728 

15.18 

0.003960 

4,748 

24.967 

14.99 

0.003968 

4,819 

25.329 

14.43 

0.003845 

4,910 

25.590 

14.44 

0  003460 

5,059 

26.109 

13.78 

0.002694 

5,197 

26.448 

13.77 

0.001984 

5,294 

26.665 

14.05 

0.001485 

5,446 

26.751 

13.75 

0.000703 

P=applied  load;  t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

A  =displacement  at  the  loading  point 
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Table  All.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-31  (3.5%  NaCI, 
constant  displacement  control,  A  =  0.122 mm) 

t{s) 

a(mm) 

K(MPaJm) 

da/dt(mm/s) 

0 

8.009 

18.05 

0.000486 

132 

8.078 

17.93 

0.001406 

182 

8.206 

18.03 

0.001755 

252 

8.338 

18.01 

0.002242 

324 

8.543 

18.04 

0.002819 

472 

8.992 

18.13 

0.003376 

568 

9.392 

18.40 

0.003553 

653 

9.738 

18.66 

0.003637 

746 

10.029 

18.70 

0.003598 

822 

10.304 

18.93 

0.003483 

912 

10.652 

19.35 

0.003378 

1,053 

1 1 .068 

19.40 

0.003267 

1,142 

11.399 

19.86 

0.003121 

1,426 

12.247 

20.24 

0.00274 

1,561 

12.522 

19.67 

0.002651 

1,726 

12.949 

20  28 

0.002716 

1,838 

13.258 

20.53 

0.002796 

1,971 

13.593 

20.22 

0.003034 

2,088 

14.026 

20.79 

0.003115 

2,212 

14.404 

20.35 

0.003198 

2,379 

15.010 

21.04 

0  003214 

2,522 

15.388 

20.77 

0.003146 

2,672 

15.887 

20.14 

0  003024 

2,838 

16.379 

20.93 

0.002968 

2,993 

16.878 

20.24 

0.003054 

3,146 

17.195 

20.49 

0.003123 

3,319 

17.814 

20.36 

0  003228 

3,471 

18.361 

20.21 

0  003149 

3,635 

18.930 

19  96 

0.003125 

3,795 

19.436 

19  04 

0.002996 

4,019 

19.919 

19.70 

0.002914 

4,219 

20.476 

19.13 

0.002935 

4,531 

21.536 

18.61 

0.003164 

4,978 

23.002 

17.60 

0.003388 

5,169 

23.678 

17.01 

0.003401 
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5,313 

24.191 

15.47 

0.003364 

5,448 

24.605 

16.30 

0.003333 

5,644 

25.302 

15.69 

0.003205 

5,817 

25.835 

14.96 

0.003084 

6,395 

27.442 

15.56 

0.001539 

6,639 

27.645 

16.23 

0.000886 

6,991 

27.659 

16.13 

0 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

A  =displacement  at  the  loading  point 
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Table  A12.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-28  step5  (3.5% 
NaCI,  constant  displacement  control,  A  =  0.121mm) 

t(s) 

a{mm) 

K(MPayfm) 

dal  dt(mml  s) 

38,444 

9.715 

17.44 

0.003756 

38,480 

9.809 

17.47 

0.003689 

38,500 

9.905 

17.54 

0.003651 

38,535 

10.028 

17.56 

0.003586 

38,591 

10.258 

17.70 

0  003609 

38,642 

10.392 

17.73 

0.00349 

38,701 

10.603 

17.81 

0.003367 

38,754 

10.819 

17.80 

0.003226 

38,821 

11.014 

17.64 

0.00312 

38,927 

11.315 

17.42 

0.002801 

39,056 

1 1 .640 

17.31 

0.002758 

39,163 

1 1 .886 

17.13 

0  00289 

39,253 

12.171 

17.05 

0.002992 

39,368 

12.562 

17.10 

0  003116 

39,470 

12.891 

17.02 

0.0032 

39,578 

13.241 

17.20 

0.003264 

39,699 

13.592 

17.09 

0.003303 

39,819 

13.978 

17.12 

0.003447 

39,992 

14.663 

16.70 

0.003707 

40,138 

15.146 

17.07 

0.003792 

40,222 

15.543 

17.33 

0.003812 

40,344 

16.017 

16.96 

0.003806 

40,462 

16.422 

16.47 

0.003878 

40,654 

17.158 

16.21 

0.003942 

40,774 

17.624 

16.65 

0.003996 

40,897 

18.174 

16.78 

0.003989 

41,010 

18.627 

16.28 

0.003978 

41,134 

19.114 

16.66 

0.003875 

41,327 

19.833 

16.46 

0.003721 

41,451 

20.272 

16.27 

0.003773 

41,572 

20.691 

15.91 

0.003782 

41,673 

21.112 

15.77 

0.003839 

41,813 

21.682 

15.59 

0.003875 

41,935 

22.118 

15.24 

0.003818 

42,031 

22.533 

15.21 

0.003762 
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42,151 

22.947 

14.29 

0.00367 

42,267 

23.353 

14.60 

0.003624 

42,382 

23.799 

14.67 

0.003417 

42,496 

24.176 

14.09 

0.003163 

42,624 

24.635 

14.64 

0.00277 

42,763 

24  957 

14.32 

0.002369 

42,883 

25.139 

13.97 

0.002052 

43,006 

25.365 

13.58 

0.001724 

43,125 

25.644 

13.69 

0.001478 

43,281 

25.826 

13.26 

0.001142 

43,423 

25.972 

12.90 

0.0007499 

43,578 

26.000 

12.92 

9.161e-05 

43,849 

26.000 

12  92 

1 ,844e-05 

46,160 

26.000 

12.92 

6.693e-05 

48,303 

26.272 

12.18 

0.0001119 

48,754 

26.272 

11.85 

0.0001213 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

A  =displacement  at  the  loading  point 
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Table  A13.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-36  Step2  (3.5% 
NaCI,  constant  displacement  control,  A  =  0. 1 50 mm ) 

t(s) 

a{mm) 

K(MPayfm) 

dal  dt(mml  5) 

0 

8.041 

16.02 

0.004522 

10 

8.140 

16.12 

0.004584 

39 

8.261 

16.20 

0.004762 

91 

8.468 

16.24 

0.005082 

134 

8.287 

18.21 

0.005346 

160 

8.792 

16.29 

0.005506 

183 

9.052 

16.56 

0.005597 

216 

9.252 

16.67 

0.005903 

272 

9.651 

16.89 

0  00612 

334 

9.932 

16.97 

0.005846 

396 

10.184 

16.94 

0.004965 

452 

10.493 

16.97 

0.004604 

512 

10.710 

17.04 

0  004379 

573 

10.988 

16.98 

0.004195 

627 

11.229 

16.94 

0.004086 

694 

11.441 

16.93 

0.004029 

753 

11.701 

16.97 

0.003986 

815 

1 1 .947 

17.00 

0.00409 

877 

12.197 

16.85 

0.00416 

934 

12.349 

16.81 

0.004264 

996 

12.674 

16.62 

0.004539 

1,054 

12.918 

1684 

0.00473 

1,114 

13.268 

16.90 

0  004794 

1,174 

13.509 

16.78 

0.004874 

1,237 

13.817 

16.80 

0.004872 

1,294 

14.258 

17.04 

0.004729 

1,353 

14.537 

17  00 

0.004551 

1,414 

14.668 

16.79 

0.004382 

1,476 

15.003 

16.87 

0.004313 

1,544 

15  259 

16.79 

0.004156 

1,599 

15.436 

16.64 

0.003995 

1,656 

15.619 

16.31 

0.004097 

1,718 

15.939 

16.49 

0.004248 

1,793 

16.306 

16.35 

0.004512 

1,838 

16.447 

16.22 

0.00481 
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1,893 

16.620 

16.05 

0.00503 

1,921 

16.864 

16.06 

0.004845 

1,960 

17.032 

16.08 

0.004796 

1,989 

17.243 

16.20 

0  004831 

2,021 

17.448 

16.15 

0.004974 

2,075 

17.694 

16.15 

0.004925 

2,133 

17.848 

15.72 

0.004697 

2,179 

18.090 

15.78 

0.004654 

2,230 

18312 

15.70 

0.004622 

2,284 

18.587 

15.55 

0.004688 

2,328 

18.849 

15.58 

0.004732 

2,377 

19.035 

15.43 

0.004821 

2,424 

19.264 

15.37 

0.004782 

2,474 

19.512 

15.33 

0.004704 

2,522 

19.758 

15.11 

0.004604 

2,581 

20.004 

15.11 

0.004505 

2,637 

20.276 

15.11 

0.004456 

2,697 

20.552 

14.86 

0.004365 

2,753 

20.727 

14.54 

0.004267 

2,808 

20.979 

14.37 

0.004233 

2,851 

21.190 

14.38 

0.004246 

2,896 

21.364 

14.26 

0.004328 

2,959 

21.630 

14.04 

0.004465 

3,013 

21.825 

13.79 

0.004547 

3,047 

22.007 

13.71 

0.004569 

3,086 

22.187 

13.62 

0.004598 

3,125 

22.437 

13.66 

0.004683 

3,167 

22.611 

13.61 

0.004714 

3,209 

22.776 

13.26 

0.004687 

3,266 

23.060 

13.35 

0.004487 

3,305 

23.235 

13.31 

0.004411 

3,347 

23.453 

13.19 

0.004255 

3,400 

23.654 

13.04 

0.00416 

3,455 

23.843 

12.83 

0.003936 

3,512 

24.062 

12.86 

0.003593 

3,559 

24.309 

12.79 

0.003297 

3,625 

24.496 

12.69 

0.002871 

3,667 

24.660 

12.82 

0.002659 
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3,734 

24.758 

12.53 

0.002249 

3,803 

24.856 

12.58 

0.001817 

3,859 

24.938 

12.35 

0.001477 

3,917 

25.038 

12.62 

0.001236 

3,971 

25.111 

12.42 

0.001095 

4,039 

25.169 

12.47 

0.000917 

4,100 

25.205 

12.36 

0.000758 

4,249 

25.218 

12.33 

0.000368 

4,663 

25.230 

12.30 

0 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

A  =displacement  at  the  loading  point 
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Table  A14.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-38  (0.0228% 
NaCI,  constant  loading  rate  control,  dPIdt  =  0.278N/s ) 

t(s) 

a{mm) 

K{MPayfm) 

dal  dt  (mm  /  s) 

0 

6.018 

8.34 

0 

692 

6  057 

9.56 

0  0002953 

741 

6.102 

9.70 

0.0003382 

1,123 

6.140 

10.37 

0.0006729 

1,173 

6.210 

10  56 

0.001165 

1,314 

6.374 

11  00 

0.001467 

1,368 

6.519 

11  26 

0.001738 

1,468 

6.719 

11.70 

0.001972 

1,623 

6.964 

12.29 

0.002383 

1,689 

7.200 

12.73 

0.002474 

1,801 

7.478 

13.30 

0.002805 

1,883 

7.734 

13.81 

0.003016 

1,983 

8.003 

14.42 

0.00303 

2,062 

8.310 

15.02 

0.003139 

2,160 

8.610 

15.69 

0.003305 

2,290 

8.988 

16.59 

0.003811 

2,376 

9.290 

17.25 

0.004178 

2,452 

9.679 

18.11 

0.004274 

2,525 

10.071 

18.96 

0.004399 

2,610 

10.457 

19.88 

0.004311 

2,704 

10.798 

20.80 

0.003903 

2,817 

11.188 

21.91 

0.003391 

2,890 

11.483 

22.75 

0.003181 

2,990 

11.777 

23.70 

0.00308 

3,154 

12.138 

25.01 

0.003378 

3,281 

12.514 

26.29 

0  003664 

3,364 

12.997 

27.85 

0.003705 

3,446 

13.382 

29.18 

0.003834 

3,565 

13.758 

30.72 

0.00363 

3,668 

14.109 

32.19 

0.00323 

3,783 

14.431 

33.67 

0.003144 

3,914 

14.797 

35.53 

0  003377 

4,020 

15.163 

37.34 

0.003782 

4,131 

15.589 

39.54 

0.00438 

4,229 

16.039 

41.92 

0.00500 
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4,327 

16.573 

45.02 

0.005659 

4,409 

17.055 

47.99 

0.005956 

4,488 

17.569 

51.45 

0.006283 

4,563 

18.095 

55.32 

0.006595 

4,615 

18.325 

57.31 

0.006810 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
dP/dt=rate  applied  external  load 
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Table  A15.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-43  (0.012%  NaCI, 


constant  loading 

rate  control,  dP/dt 

=  0.l00N/s) 

t(s) 

a(mm) 

K(MPaJ7i) 

da/  dt(mm/ s) 

0 

5.936 

7.88 

0 

1,491 

5.962 

9.14 

0.000226 

2,297 

6.074 

9.75 

0.000538 

2,442 

6.204 

9.97 

0.000594 

2,650 

6.352 

10.26 

0.000894 

2,745 

6.497 

10.51 

0.00103 

3,053 

6.735 

10.97 

0.001603 

3,158 

6.967 

11.32 

0.00200 

3,313 

7.253 

11.76 

0.00270 

3,435 

7.625 

12.32 

0.003383 

3,518 

7.929 

12.76 

0.003884 

3,606 

8.296 

13.30 

0.004426 

3,692 

8.703 

1392 

0.004827 

3,781 

9.172 

14  63 

0.005118 

3,857 

9.585 

15.27 

0.005075 

3,946 

10.061 

16.06 

0.004961 

4,026 

10.484 

16.78 

0.00478 

4,153 

10.978 

17.71 

0.004462 

4,253 

1 1 .429 

18.58 

0.004372 

4,340 

11.825 

19.39 

0.004333 

4,425 

12.165 

20.09 

0.004281 

4,509 

12.561 

20.96 

0.004159 

4,599 

12.935 

21.85 

0.004011 

4,719 

13.373 

22.93 

0.003877 

4,837 

13.812 

24.10 

0.003981 

4,963 

14.261 

25.33 

0.004437 

5,048 

14.625 

26.44 

0.004837 

5,142 

15.158 

28.07 

0.00526 

5,259 

15.817 

30.30 

0.005332 

5,326 

16.232 

31.81 

0.005219 

5,401 

16.645 

33.48 

0.004976 

5,482 

16.930 

34.70 

0.004562 

5,570 

17.371 

36.74 

0.003903 

5,677 

17.809 

38.95 

0.00292 

5,821 

18.194 

41.21 

0  00159 

5,997 

18.194 

41.57 

0 

P=applied  load;  t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor;  da/dt=crack  growth  rate. 
dP/dt=rate  of  applied  external  load 
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Table  A16.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-42  (0.0%  NaCI, 
constant  loading  rate  control,  dPIdt  =  0.100A7s ) 

t{s) 

a(mm ) 

K(MPaJm) 

dal  dt(mml s) 

0 

6.219 

8.01 

0 

6,437 

6.246 

12.08 

0.00430 

6,458 

6.336 

12.21 

0.00433 

6,483 

6.445 

12.38 

0.00437 

6,506 

6.532 

12.51 

0.00435 

6,567 

6.790 

12.89 

0.00444 

6,599 

6.979 

13.17 

0.00450 

6,678 

7.295 

13.68 

0.00475 

6,731 

7.568 

14.11 

0.00513 

6,814 

7.944 

14.72 

0.00617 

6,857 

8.244 

15.20 

0.00711 

6,898 

8.565 

15.71 

0.00847 

6,947 

8.951 

16.35 

0.01104 

6,993 

9.430 

17.17 

0.01295 

7,015 

9.817 

17.78 

0.01199 

7,033 

10.217 

18.50 

0.01274 

7,064 

10.502 

19.03 

0.01257 

7,130 

11.210 

20.41 

0.00929 

7,177 

11.524 

21.07 

0.00844 

7,215 

11.852 

21.76 

0.00856 

7,258 

12.126 

22.42 

0.00907 

7,292 

12  502 

23.26 

0.00925 

7,324 

12.828 

23.99 

0.00991 

7,349 

13.111 

24.71 

0  01039 

7,393 

13.461 

25.61 

001024 

7,421 

13.870 

26.71 

0.01025 

7,456 

14.200 

27.64 

0.01024 

7,495 

14.566 

28.74 

0.01044 

7,522 

14.860 

29.65 

0  01027 

7,568 

15.332 

31.19 

0.01049 

7,590 

15.585 

32.14 

0  01075 

7,623 

15  938 

33.48 

0  01105 

7,667 

16.386 

35.19 

0.01161 

7,696 

16.753 

36.72 

0.01184 

7,725 

17.133 

38.45 

0  01223 
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7,760 

17.562 

40.53 

0.01284 

7,794 

17.965 

42.62 

0.01312 

7,846 

18.672 

46.79 

0.01363 

7,880 

19.189 

50.27 

0.01402 

7,916 

19.683 

53.94 

0.01444 

7,951 

20.163 

58.00 

0.01485 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
dP/dt=rate  °f  applied  external  load 
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Table  A17.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-41  (3.5%  NaCI, 
constant  loading  rate  control,  dPJdr=0A00N£s^ 


t(s) 

a  (mm) 

K(MPaJm) 

da  /  dt(mm  /  s) 

0 

5.957 

7.97 

0 

2,071 

6.004 

9.27 

0.0001243 

2,147 

6.080 

9.40 

0.0001293 

2,196 

6.196 

9.55 

0.0001325 

4,049 

6.332 

10.88 

0.000866 

4,143 

6.496 

11.14 

0.001281 

4,278 

6.589 

11.33 

0.001609 

4,376 

6.771 

11.63 

0.001991 

4,461 

6.964 

11.92 

0.00239 

4,545 

7  Ml 

12.24 

0.002732 

4,623 

7.416 

12.60 

0.002997 

4,719 

7.757 

13.11 

0.003342 

4,824 

8.059 

13.60 

0.003817 

4,900 

8.353 

14.05 

0.004103 

4,962 

8.651 

14.51 

0.004349 

5,037 

9.019 

15.10 

0.004756 

5,117 

9.370 

15.69 

0.004887 

5,196 

9.788 

16.39 

0.005009 

5,250 

10.081 

16.88 

0.004833 

5,332 

10.452 

17.58 

0.00463 

5,401 

10.852 

18.32 

0.004263 

5,506 

11.184 

19.01 

0.003746 

5,587 

11.476 

19.61 

0.00351 

5,688 

11.754 

20.23 

0.003143 

5,782 

12.100 

21.00 

0.00315 

5,859 

12.380 

21.67 

0  003213 

5,977 

12.608 

22.27 

0.003635 

6,088 

13.051 

23.41 

0.004179 

6,159 

13.378 

24.23 

0  004389 

6,244 

13.866 

25.52 

0.004581 

6,316 

14.185 

26.45 

0.004519 

6,403 

14.569 

27.58 

0.004246 

6,502 

14  944 

28.84 

0.003897 

6,625 

15.347 

30.25 

0.003739 

6,722 

15.769 

31.82 

0.003614 

6,801 

16.048 

32.94 

0.003512 

P=applied  load;  t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor;  da/dt=crack  growth  rate. 
dP/dt=rate  °f  applied  external  load 
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Table  A18.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-44  stepl  (0.0% 
NaCI,  dP/dt=0.\00N/s)  and  step2  (0.0035%  NaCI,  dPIdt  =  0A00N/s)  and  step3 

(0.035%  NaCI,  dPIdt^  =  0.037#/.?) 


t(s) 

a  (mm) 

K  (MPa  4m) 

dal  dt  (mm  /  s) 

Stepl  (0  0%  NaCI,  constant  loading  rate  control,  dPI dt  = 

0.I00A7.S) 

0 

5.955 

9.17 

0 

168 

6.067 

9.41 

0 

276 

6  103 

9.52 

0 

1,313 

6.285 

10.35 

0.0007857 

1,405 

6.417 

10.55 

0.001286 

1,606 

6.599 

10.90 

0.001865 

1,679 

6.800 

11.17 

0.002759 

1,725 

6.977 

11.42 

0.003105 

1,778 

7.133 

11.65 

0.003492 

1,837 

7.354 

11.95 

0.003823 

1,899 

7.599 

12.33 

0.003886 

1,968 

7.866 

12.69 

0.001238 

1,991 

8.030 

12.95 

0  0001702 

Step2  (0.0035%  NaCI,  constant  loading  rate  control,  dP!  dt 

=  0.100A7s) 

16,788 

8.290 

8.58 

8.4e-05 

17,158 

8.351 

8.93 

0  0001355 

17,603 

8.365 

9.28 

0.0001859 

18,322 

8.461 

9.94 

0.0005176 

18,461 

8.571 

10.16 

0.0009268 

18,511 

8.695 

10.30 

0.001163 

18,591 

8.862 

10.56 

0.001368 

18,781 

9.025 

10.88 

0.001409 

18,867 

9.196 

11.13 

0.001267 

18,951 

9.344 

11.36 

0.001201 

19,124 

9.531 

11.74 

0.001207 

19,352 

9.706 

12.12 

0.001461 

19,481 

9.880 

12.44 

0.00207 

19,596 

10.097 

12.80 

0.00287 

19,667 

10368 

13.19 

0.003462 

19,726 

10.621 

1362 

0.003629 

19,793 

10.861 

13.96 

0.004094 

19,861 

11.188 

14.45 

0.004359 

- 125- 


19,943 

1 1 .445 

14.88 

0.004694 

19,989 

11.746 

15.39 

0.004814 

20,037 

12.011 

15.83 

0.004944 

20,109 

12.355 

16.43 

0.005162 

20,170 

12.653 

16.99 

0.005004 

20,241 

13.044 

17.68 

0.005177 

20,301 

13.293 

18.19 

0.005107 

20,351 

13.575 

18.78 

0.002312 

20,392 

13.852 

19.37 

0.0008092 

Step3  (0.035%  NaCI,  constant  loading  rate  control,  dP / dt 

=  0.037 N/s) 

26,932 

14.132 

10.11 

0.0001106 

27,218 

14.166 

10.27 

0.0005232 

27,272 

14.254 

10.39 

0.0002328 

27,326 

14.307 

10.47 

0.0004271 

27,399 

14.425 

10.65 

0.0004447 

28,275 

14.483 

11.18 

0.0008166 

28,344 

14.547 

11.29 

0.001389 

28,468 

14.656 

11.47 

0.001939 

28,543 

14.854 

11.75 

0.002409 

28,617 

15.091 

12.05 

0.002899 

28,693 

15.297 

12.42 

0.003321 

28,748 

15.501 

12.69 

0.003672 

28,794 

15.662 

12.95 

0.003899 

28,855 

15  905 

13.34 

0.004242 

28,902 

16.148 

13.72 

0.00445 

28,953 

16.366 

14.09 

0.004615 

29,017 

16.662 

14.58 

0.004659 

29,083 

17.000 

15  22 

0.00473 

29,165 

17.367 

15.95 

0.004916 

29,231 

17.630 

16.50 

0.005077 

29,283 

18.000 

17.33 

0.005204 

29,350 

18.314 

18.12 

0.005367 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
dP/dt=rate  appiied  external  load 
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Table  A19.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-47  stepl  (0.35% 
_ NaCI,  dPJ_  =  0, 1 00./V7 .? )  and  step2  (0.  35%  NaCI,  dPIch  =  0.044Af/.y) _ 

t{s)  a{mm)  K(MPayfm)  da/dt(mm/s) 

Stepl  (0.35%  NaCI,  constant  loading  rate  control,  dP/dt  =0.\00N / s) 


0 

6.052 

8.15 

0.000731 

118 

6.136 

8.30 

0.001083 

182 

6.223 

843 

0.001274 

273 

6.349 

8.60 

0.001545 

356 

6.533 

8.82 

0.001691 

451 

6.644 

8.99 

0.001695 

524 

6.845 

9.28 

0.001708 

617 

6.958 

9.39 

0.001707 

713 

7.101 

9.63 

0.001877 

793 

7.252 

9.83 

0.002114 

862 

7.405 

10.02 

0.002265 

928 

7.580 

10.26 

0.002544 

997 

7.782 

10.51 

0.00275 

1,114 

8.058 

10.91 

0.003163 

1,189 

8  364 

11.33 

0.003806 

1,279 

8.630 

11.67 

0.004907 

1,352 

8.981 

12.14 

0  005847 

1,392 

9.343 

12.59 

0.005712 

1,438 

9.657 

13.02 

0.005959 

1,498 

10.040 

13.55 

0.005668 

1,566 

10.337 

13.99 

0.004642 

1,652 

10.660 

14.52 

0  003957 

1,739 

10.937 

14.99 

0.00358 

1,815 

11.233 

15.48 

0.003403 

1,917 

11.565 

16.07 

0.003282 

2,010 

11.886 

16.68 

0.003243 

2,117 

12.171 

17.24 

0  003232 

2,206 

12.468 

17.81 

0.003439 

2,302 

12.797 

18.52 

0.00346 

2,403 

13.154 

19.31 

0.003396 

2,494 

13.610 

20.32 

0.001389 

Step2  (0.  35%  NaCI.  constant  loading  rate  control,  dP/dt 

=  0.044jV7s) 

8,267 

14.322 

8.14 

0 

8,387 

14.322 

8.23 

1.712e-05 

8,720 

14.322 

8.49 

2.150e-05 

9,252 

14.322 

8.90 

1.246e-05 

9,740 

14.322 

9.31 

5.606e-05 
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10,072 

14.343 

9.60 

0.000109 

10,608 

14372 

10.02 

0.000228 

10,667 

14.455 

10.18 

0.000285 

10,749 

14.487 

10.25 

0.000367 

11,061 

14.552 

10.58 

0.000656 

11,247 

14.673 

10.86 

0.001096 

11,333 

14.821 

11.08 

0.001416 

11,452 

14.953 

11.31 

0.00188 

11,513 

15.103 

11.59 

0.002118 

11,578 

15.263 

11.85 

0.002313 

11,667 

15.481 

12.17 

0.002762 

11,740 

15.688 

12.49 

0.002901 

11,817 

15.903 

12.89 

0.003033 

11,871 

16.137 

13.27 

0.003175 

11,971 

16.419 

13.78 

0.003363 

12,037 

16.624 

14.18 

0.003385 

12,127 

16.962 

14.85 

0.003294 

12,195 

17.230 

15.36 

0.003362 

12,304 

17.559 

16.12 

0.003266 

12,390 

17.792 

16.68 

0.003199 

12,484 

18.124 

17.49 

0.003146 

12,593 

18.462 

18.42 

0.003175 

12,710 

18.866 

19.52 

0.003158 

12,869 

19.330 

21.05 

0.003148 

12,994 

19.711 

22.40 

0.003212 

13,132 

20.112 

24.01 

0.003335 

13,198 

20.423 

25.25 

0.003404 

13,326 

20.826 

27.12 

0.003387 

13,410 

21.130 

28.62 

0.00341 

13,523 

21.545 

30.94 

0.003386 

13,688 

21.999 

33.83 

0.003833 

13,823 

22.441 

37.10 

0.004765 

13,904 

22.958 

41.26 

0.005734 

13,995 

23.428 

45.78 

0.006783 

14,050 

23.869 

50.79 

0.007417 

14,119 

24.441 

58.45 

0.008212 

P=applied  load;  t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
dP/dt=rate  °f  applied  external  load 
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Table  A20.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-51  (3.5%  NaCI, 
constant  loading  rate  control,  dPIdt  =  0.0325 N/s ) 

t(s) 

a  (mm) 

K(MPa^fm) 

dal  dt  (mm/ s) 

0 

6  282 

12.82 

0 

803 

6.295 

13.01 

0.001002 

912 

6.353 

13.11 

0  001283 

963 

6.437 

13.24 

0.001414 

1,044 

6.551 

13.43 

0.001927 

1,085 

6.645 

13.55 

0.002056 

1,140 

6.766 

13.77 

0.002242 

1,183 

6.896 

13.95 

0.002442 

1,273 

7.095 

14.28 

0.002516 

1,343 

7.289 

14.57 

0.002479 

1,390 

7.399 

14.74 

0.002462 

1,465 

7.602 

15.07 

0.002521 

1,565 

7.813 

15.42 

0.002541 

1,656 

8.058 

15.82 

0.002774 

1,717 

8.253 

16.14 

0.002971 

1,829 

8.528 

16.61 

0.00346 

1,908 

8.872 

17.20 

0.003963 

1,988 

9.194 

17.78 

0.004251 

2,072 

9.556 

18.42 

0.004336 

2,116 

9.852 

18.94 

0.004465 

2,190 

10.108 

19.43 

0.004474 

2,245 

10.307 

19.81 

0.00442 

2,286 

10.579 

20.35 

0.004185 

2,351 

10.831 

20.84 

0.004123 

2,411 

11.088 

21.37 

0.003724 

2,492 

11.367 

21.95 

0.003014 

2,570 

1 1 .543 

22.33 

0.002703 

2,671 

1 1 .700 

22.73 

0.002613 

2,797 

12.046 

23.52 

0.002909 

2,862 

12.284 

24.08 

0.003023 

2,945 

12.570 

24.77 

0.003131 

3,017 

12.784 

25.31 

0.003227 

3,094 

13.020 

25.94 

0.003147 

3,169 

13.232 

26.51 

0.003149 

3,238 

13509 

27.26 

0.003163 
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3,356 

13.838 

28.19 

0.003069 

3,406 

14.027 

28.76 

0.003014 

3,493 

14.271 

29.51 

0.0028 

3,667 

14.743 

31.04 

0.00275 

3,800 

15.028 

32.03 

0.002718 

3,990 

15.632 

34.23 

0.002633 

4,068 

15.844 

35.05 

0.002689 

4,175 

16.099 

36.11 

0.002726 

4,268 

16.290 

36.93 

0.002433 

5,029 

18.410 

48.11 

0.003306 

5,147 

18.794 

50.72 

0.003748 

5,230 

19.099 

52.90 

0.004127 

5,305 

19.387 

55.10 

0.004522 

5,368 

19.733 

57.92 

0.004918 

5,434 

20.079 

60.95 

0.005333 

5,504 

20.430 

64.35 

0.005773 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
dP/dt=rate  of  applied  external  load 


- 130- 


Table  A21.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-52  step2  (3.5% 
NaCI,  constant  loading  rate  control,  dPJ dt  =  LOPON/s ) 


t(s) 

a(mm) 

K(MPayfm) 

dal  dt  {mm  1  s) 

9,373 

8.191 

3.10 

0 

9,505 

8.191 

4.15 

0 

10,095 

8.191 

8.69 

0.000333 

10,293 

8.191 

10.22 

0.000556 

10,363 

8.244 

10.84 

0.000962 

10,405 

8.320 

11.22 

0.001914 

10,430 

8.409 

11.50 

0.001975 

10,477 

8.497 

12.01 

0.002388 

10,527 

8.635 

12  57 

0  002511 

10,604 

8.802 

13.40 

0.002674 

10,664 

8.998 

14.16 

0.002943 

10,767 

9.314 

15.48 

0.003379 

10,855 

9.573 

16.65 

0.003439 

10,904 

9.854 

17.53 

0.003439 

10,976 

10.107 

18.64 

0.003484 

11,082 

10.403 

20.17 

0.003268 

11,192 

10.777 

22.01 

0.002852 

1 1 ,294 

11.072 

23.64 

0.002781 

11,412 

11.339 

25.48 

0.00265 

11,551 

11.627 

27.63 

0.00248 

1 1 ,646 

12.036 

29.82 

0.002463 

11,851 

12.405 

33.21 

0.002638 

12,015 

12.791 

36.43 

0.002929 

12,197 

13.364 

40.84 

0.003122 

12,287 

13.730 

43.47 

0.003215 

12,378 

14.075 

46.27 

0.003288 

12,506 

14.370 

49.41 

0.00339 

12,632 

14.847 

53.70 

0.003491 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
dP/dt=rate  °f  applied  external  load 
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Table  A22.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-54  stepl  (3.5% 
NaCI,  dP!  dt  =  0.057V/  s)  and  step2  (3.5%  NaCI,  dP  /  dt  =  3.007V  /  s) 

t(s) 

a(mm ) 

K(MPayfm) 

dal  dt(mml  s) 

0 

Stepl  (3.5%  NaCI,  constant  loading  rate  control,  dPI dt 
6.177  6.33 

=  0.05  N/s) 

0 

17,456 

6.177 

11.85 

0.000380 

18,313 

6.217 

12.18 

0.000418 

18,357 

6.325 

12.35 

0.000420 

18,412 

6.414 

12.47 

0  001107 

18,491 

6.606 

12  75 

0.001549 

18,689 

6.764 

13.04 

0  001336 

18,774 

6.891 

13.23 

0.001393 

18,846 

7.022 

13.46 

0.00153 

18,978 

7.190 

13.76 

0.001874 

19,054 

7.338 

13.98 

0.002017 

19,185 

7.671 

14.51 

0.002309 

19,315 

7.994 

15.02 

0.002539 

19,451 

8.343 

15.59 

0.002643 

19,565 

8.677 

16.18 

0.002841 

19,694 

8.988 

16.73 

0.003136 

19,834 

9.406 

17.46 

0.003275 

19,904 

9.761 

18.09 

0.003224 

20,004 

10.126 

18.77 

0.003332 

20,148 

10.540 

19.57 

0.003137 

20,300 

10.944 

20.40 

0.002829 

20,407 

11.312 

21.18 

0.00269 

20,604 

11.764 

2220 

0  002452 

28,165 

Step2  (3.5%  NaCI.  constant  loading  rate  control,  dP/dt  - 
13.594  7.09 

=  3.00N/j:) 

0 

28,208 

13.594 

8.76 

0 

28,283 

13.605 

11.58 

0.001107 

28,317 

13.649 

12.98 

0.001218 

28,369 

13.771 

15.20 

0.001657 

28,444 

13.900 

18.36 

0.00222 

28,510 

14.069 

21.41 

0.002567 

28,562 

14.185 

23.74 

0.002836 

28,605 

14.328 

26.01 

0.002803 
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28,662 

14.518 

28.79 

0.002955 

28,718 

14.714 

31.83 

0.003043 

28,824 

14.896 

37.19 

0.003416 

28,881 

15,222 

41.06 

0.003653 

28,927 

15.322 

43.67 

0  003433 

28,982 

15.614 

47.70 

0.003846 

29,038 

15.807 

51.38 

0.003789 

29,106 

15.928 

55.43 

0.004325 

29,189 

16.355 

62.42 

0.004992 

29,248 

16.741 

68.39 

0  005965 

29,296 

17.015 

73.35 

0.006706 

29,378 

17.512 

82.75 

0.007972 

29,425 

18.020 

90.95 

0.008698 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
dP/dt=rate  °f  applied  external  load 
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Table  A23.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-55  stepl  (3.5% 
NaCI,  dP/dt=33N/s),  step2  (3.5%  NaCI,  dP/dt  =  JANIs),  step3  (3.5%  NaCI, 

_ dPldl  =  T5N_lsl and  step4  (3.5%  NaCI,  JP/c//  =  0.68AT/.y) _ 

t{s)  a  (mm)  K(MPaJm)  dal  dt  (mm  Is) 


Stepl  (3.5%  NaCI,  constant  loading  rate  control,  dPI  dt  =  33N  I  s) 


0 

5.957 

11.19 

0.00306 

12 

5.971 

11.55 

0.002961 

39 

6.082 

12.23 

0.002737 

76 

6.147 

13.10 

0.002345 

109 

6.239 

13.91 

0  001958 

160 

6.298 

15.05 

0.002216 

186 

6.380 

15.76 

0.002225 

236 

6.511 

16.96 

0.002899 

301 

6.686 

18.73 

0.003314 

342 

6.878 

19.97 

0.003441 

388 

7.016 

21.35 

0.003494 

443 

7.210 

23.04 

0.002847 

481 

7.319 

24.18 

0.002765 

568 

7.480 

26.69 

0.003024 

611 

7.662 

28.20 

0.002899 

665 

7.858 

30.08 

0.003545 

Step2  (3.5%  NaCI,  constant  loading  rate  control,  dP/dt 

=  7  AN  Is) 

7,379 

9.136 

11.47 

0 

7,403 

9.176 

12.99 

0.002819 

7,419 

9.251 

14.06 

0.00292 

7,439 

9.298 

15.29 

0.003389 

7,464 

9.381 

16.90 

0.00366 

7,483 

9.462 

18.28 

0.003842 

7,501 

9.537 

19.56 

0.00355 

7,516 

9.585 

20.49 

0.002938 

7,564 

9.688 

23.77 

0.00255 

7,604 

9.787 

26.47 

0.002671 

7,642 

9.920 

29.28 

0.002906 

7,697 

10.060 

33.35 

0.003109 

7,732 

10.178 

36.09 

0.003229 

7,767 

10.299 

38.75 

0.003216 

7,798 

10.402 

41.30 

0.003112 
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7,838 

10.508 

44.28 

0.002707 

Step3  (3.5%  NaCI,  constant  loading  rate  control,  dP/dt 

=  7.5  N/s) 

13,812 

11.550 

12.64 

0.000574 

13,825 

11.595 

14.72 

0.002313 

13,859 

11.671 

17.59 

0.00248 

13,904 

11.770 

21.42 

0.003153 

13,923 

11.851 

23.12 

0.00292 

13,947 

11.938 

25.31 

0.003019 

13,976 

11.995 

27.78 

0.002284 

14,020 

12.078 

31.66 

0.001916 

14,072 

12.168 

36.34 

0.002518 

14,113 

12.268 

40  12 

0  002817 

14,143 

12.402 

43.33 

0.002868 

14,183 

12.498 

47.22 

0  002667 

14,236 

12.608 

52.22 

0  002154 

Step4  (3.5%  NaCI,  constant  loading  rate  control,  dP!  dt  = 

OMN/s) 

16,391 

14.784 

6.54 

0.000133 

16,410 

14  784 

6.73 

0.000283 

16,719 

14.784 

9.83 

0.002465 

16,741 

14.895 

10.12 

0.002841 

16,764 

14.931 

10.44 

0.002886 

16,788 

15  008 

10.68 

0.002367 

16,809 

15.055 

10.92 

0.002625 

16,844 

15.130 

11.39 

0.002622 

16,877 

15.252 

11.88 

0.003057 

16,916 

15  338 

12.43 

0  003239 

16,945 

15.480 

12.95 

0.003279 

16,985 

15  585 

13.47 

0.003355 

17,013 

15691 

13.96 

0.003055 

17,061 

15.832 

14.73 

0.003234 

17,102 

15.954 

15.34 

0.003364 

17,157 

16.160 

16.31 

0.003373 

17,197 

16.314 

17.07 

0.003448 

17,243 

16.430 

17.80 

0.003278 

17,282 

16.591 

18.58 

0.003195 

17,329 

16.726 

19.57 

0.003313 

17,378 

16.884 

20.46 

0.003496 
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17,422 

17.035 

21.37 

0.00344 

17,468 

17.242 

22.55 

0.003342 

17,572 

17.503 

24.62 

0.003114 

17,660 

17.797 

26.71 

0.003434 

17,726 

18.011 

28.35 

0.00411 

17,767 

18.195 

29.64 

0.003711 

17,805 

18.392 

30.94 

0.003837 

17,871 

18.549 

32.58 

0.003128 

17,939 

18.784 

34.67 

0.002397 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
dP/dt=rate  °f  applied  external  load 
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Table  A24.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-45  (3.5%  NaCI, 
constant  COD  rate  control,  dS/dt  =  1.0e-04 mm/s ) 


t(s) 

a(mm ) 

K(MPaJm) 

da/  dl  (mm/  s) 

0 

5.925 

6.97 

0 

99 

5.928 

9.97 

0.001543 

113 

6.034 

1064 

0.001788 

153 

6.123 

12.06 

0.00249 

197 

6.221 

13.63 

0.003179 

248 

6.395 

15.44 

0.003217 

280 

6.554 

16.39 

0.003345 

320 

6.675 

17.69 

0.003359 

371 

6.821 

19.36 

0.003208 

405 

6.944 

20.50 

0.003145 

468 

7.109 

22.37 

0.003235 

521 

7.297 

24.06 

0.003328 

568 

7.512 

25.69 

0.003386 

649 

7.721 

27.91 

0.003583 

705 

7.943 

29.54 

0.00351 1 

758 

8.138 

31.09 

0.003414 

813 

8.369 

32.54 

0.003751 

868 

8.508 

33.88 

0.003912 

943 

8.753 

35.64 

0.004782 

1,012 

9.177 

37.74 

0.00617 

1,076 

9.494 

38.75 

0.006831 

1,142 

10.120 

39.54 

0.006526 

1,164 

10.383 

39  33 

0.006591 

1,223 

10.642 

39.89 

0.006205 

1,303 

11.027 

41.56 

0.005009 

1,369 

11.335 

42.90 

0.004587 

1,439 

11.675 

44.12 

0.004432 

1,499 

11.982 

45.14 

0.004258 

1,606 

12.342 

46.33 

0.003937 

1,686 

12.652 

47.67 

0,003916 

1,739 

12.851 

48.43 

0.003931 

1,808 

13.129 

49.26 

0.003871 

1,864 

13  379 

50.02 

0.00381 

1,914 

13.568 

50.71 

0.003673 

1,986 

13.789 

50.92 

0.003475 

2,044 

14.008 

51.49 

0.003316 

P=applied  load;  t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor;  da/dt=crack  growth  rate; 

S  =COD=crack  opening  displacement;  dS/dt  =COD  rate 
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Table  A25.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-48  (3.5%  NaCI, 
constant  COD  rate  control,  dS/dt  =  2.0e -05mm/ s) 

t(s) 

a{mm) 

K(MPayfm) 

dal  dt  (mm  /  s) 

0 

6.006 

12.06 

0.005242 

35 

6.224 

12.27 

0.004765 

66 

6.358 

12.60 

0.004343 

110 

6.524 

12.91 

0.003744 

148 

6.658 

13.39 

0.003107 

216 

6.818 

13.64 

0.002723 

303 

7.003 

14.14 

0.002687 

369 

7.205 

14.46 

0.002732 

428 

7.373 

14.91 

0.002799 

487 

7.564 

15.17 

0.002931 

556 

7.738 

15.50 

0.003044 

642 

7.987 

15.87 

0.003369 

721 

8.246 

16.19 

0.003859 

788 

8.561 

16.56 

0.004164 

855 

8.835 

16.73 

0.00414 

890 

9.031 

16.74 

0.004427 

948 

9.255 

16.99 

0.004648 

1,012 

9.467 

17.13 

0.004959 

1,055 

9.785 

17.41 

0.004905 

1,109 

10.098 

17.71 

0.00487 

1,166 

10.377 

17.80 

0.004671 

1,226 

10.604 

18.05 

0.003942 

1,290 

10.813 

18.05 

0.00353 

1,375 

11.081 

18.38 

0.003206 

1,452 

11.297 

18.51 

0.003004 

1,500 

11.537 

18.60 

0.00296 

1,609 

1 1 .774 

18.85 

0.002794 

1,706 

12.011 

18.93 

0.002805 

1,792 

12.280 

19.03 

0.002879 

1,887 

12.514 

19.18 

0.003035 

1,986 

12.883 

19.47 

0.003173 

2,063 

13.136 

19.68 

0.003192 

2,171 

13.450 

19.70 

0.003126 

2,234 

13.680 

19.72 

0.003041 

2,310 

13.902 

19.77 

0.003045 
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2,407 

14.166 

19.92 

0.00300 

2,477 

14.380 

19.81 

0.002785 

2,541 

14.610 

20.06 

0.002785 

2,633 

14.845 

20.06 

0.002817 

2,739 

15.033 

19.91 

0.002884 

2,812 

15.313 

19.98 

0.002925 

2,891 

15.602 

20.17 

0.002961 

2,999 

15.909 

20.30 

0.00307 

3,073 

16.131 

20.32 

0.00304 

3,197 

16.430 

19.95 

0.003183 

3,261 

16.695 

19.91 

0.003136 

3,317 

16.907 

20.04 

0.003242 

3,403 

17.180 

20.15 

0.003362 

3,528 

17.537 

19.96 

0.003038 

3,598 

17.838 

18.18 

0.002886 

3,678 

18.026 

19.73 

0.002712 

3,771 

18.244 

19.56 

0.002511 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate; 

S  =COD=crack  opening  displacement 
dS  /  dt  =COD  rate 
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Table  A26.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-49  (3.5%  NaCI, 
constant  COD  rate  control,  dSUti  =  2.0e-04 mm/s) 


r(s) 

a(mm ) 

K(MPaJm) 

da/  dt(mm/ s) 

0 

6.411 

9.19 

0.000747 

46 

6.450 

12.91 

0.001405 

84 

6.531 

16.19 

0.001948 

128 

6.618 

19.91 

0.002368 

164 

6.724 

22.82 

0.002404 

212 

6.842 

27.14 

0.002392 

264 

6.952 

31.20 

0.002263 

312 

7.056 

35.18 

0.002247 

352 

7.156 

38.75 

0.002222 

405 

7.272 

42.86 

0.002098 

455 

7.368 

46.58 

0.002126 

525 

7.493 

51.73 

0.002376 

555 

7.611 

53.94 

0.002483 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate; 

S  =COD=crack  opening  displacement 
dS  /  dt  =COD  rate 


-  140- 


Table  A27.  Stress  Corrosion  Experimental  Data  for  Specimen  HT-50  (3.5%  NaCI, 
constant  COD  rate  control,  dSIdt  =  1.0e-05mm/.s) 

t(s) 

a(mm) 

K(MPayfm) 

da/ dt(mm/ s) 

0 

6.321 

11,49 

0.000410 

9 

6.350 

11.55 

0.000426 

119 

6.375 

12.00 

0.000627 

199 

6.429 

12.42 

0.000773 

243 

6.524 

12.72 

0.000822 

366 

6.584 

13.09 

0.001103 

434 

6.685 

13.50 

0.001338 

533 

6.791 

13.68 

0.001906 

600 

6.926 

13.93 

0.002326 

658 

7.091 

13.96 

0.002525 

709 

7.265 

14.03 

0.002793 

775 

7.450 

14  15 

0.002927 

853 

7.662 

14.26 

0.002906 

920 

7.854 

14.32 

0.002915 

992 

8.084 

14.36 

0.002977 

1,071 

8  300 

14.49 

0.002994 

1,130 

8.496 

14.46 

0.003072 

1,193 

8.687 

14.62 

0.003069 

1,265 

8.887 

14.58 

0.003121 

1,311 

9.072 

14.65 

0.003225 

1,396 

9.311 

14.56 

0.003582 

1,455 

9.505 

14.66 

0.003680 

1,522 

9  807 

14.68 

0  003635 

1,580 

10  079 

14.76 

0  003758 

1,650 

10  284 

14.87 

0.003647 

1,740 

10.567 

14.79 

0.003292 

1,788 

10.770 

14.92 

0  003097 

1,852 

10.987 

14.82 

0.003151 

1,923 

11.146 

14.73 

0.003127 

2,010 

11.373 

14.59 

0.003311 

2,059 

11.621 

14.76 

0.003281 

2,133 

1 1 .844 

14  70 

0.003413 

2,189 

12.088 

14.63 

0.003366 

2,272 

12.308 

14  49 

0.003236 

2,331 

12.512 

14.55 

0.003310 
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2,392 

12.650 

14.31 

0.003226 

2,456 

12.940 

14.54 

0.003314 

2,522 

13.168 

14.38 

0.003303 

2,588 

13.332 

14.33 

0.003360 

2,654 

13.564 

14.26 

0.003294 

2,726 

13.796 

14.12 

0.003375 

2,805 

14  082 

14.06 

0.003478 

2,878 

14.356 

14.02 

0.003512 

2,952 

14.597 

14.09 

0.003412 

3,018 

14.819 

14.01 

0.003350 

3,077 

15.050 

14.10 

0.003376 

3,156 

15.255 

13.96 

0.003315 

3,214 

15.469 

13.98 

0.003265 

3,272 

15.708 

13.96 

0  003197 

3,344 

15.884 

13.71 

0.003156 

3,401 

16.075 

13.92 

0.003124 

3,457 

16.244 

13.89 

0  003093 

P=applied  load; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate; 

S  =COD=crack  opening  displacement 
d8  /  dt  =COD  rate 
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APPENDIX  B  EXPERIMENTAL  CRACK  GROWTH  DATA  FOR 


STRESS  CORROSION  CRACKING  OF  7075T651 


Table  B1.  Stress  Corrosion  Experimental  Data  for  Specimen  SL51 
(3.5%  NaCI,  K,  =  5.8 MPa Jm ) 


t(s) 

a(mm ) 

K(MPaJm) 

dal  dt(mml  5) 

326,796 

14.075 

5.80 

7.23e-07 

350,629 

14.095 

5.81 

8.16e-07 

390,656 

14.095 

5.81 

9.73e-07 

425,045 

14.135 

5.82 

1.11  e-06 

464,897 

14.255 

5.86 

1.33e-06 

496,586 

14.255 

5.86 

1.26e-06 

518,750 

14.256 

5.86 

1.14e-06 

554,091 

14  347 

5.89 

7.40e-07 

591,187 

14.347 

5.82 

6.19e-07 

605,702 

14.363 

5.83 

5.70e-07 

666,101 

14.363 

5.83 

9.51  e-08 

688,888 

14.366 

5.83 

1 . 1 5e-07 

738,251 

14.368 

5.83 

1.35e-07 

755,806 

14.368 

5.83 

1.42e-07 

821,488 

14.385 

5.83 

1 .67e-07 

924,246 

14.958 

5.96 

7.33e-07 

983,377 

14.992 

5.89 

4.76e-07 

1 ,03e+06 

15.014 

5.90 

2.92e-07 

1 .07e+06 

15.015 

5.90 

1.41e-07 

1.21e+06 

18.978 

7.38 

9.89e-07 

1.25e+06 

19.016 

7.40 

1 ,67e-06 

1 .28e+06 

19.108 

7.44 

2.00e-06 

1.30e+06 

19.120 

7.45 

2.35e-06 

1.35e+06 

19  249 

7.31 

1 ,24e-06 

1.46e+06 

24.403 

10.50 

1 ,50e-05 

1.50e+06 

25.030 

10.91 

1.53e-05 

1.59e+06 

26.400 

12.10 

1.58e-05 

1.63e+06 

27.212 

13.04 

1.61e-05 

1 ,68e+06 

27.824 

13.26 

1 ,63e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test;  t=time  in  second; 
a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
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K=applied  stress  intensity  factor;  da/dt=crack  growth  rate. 


Table  B2.  Stress  Corrosion  Experimental  Data  for  Specimen  SL76  (3.5%  NaCI, 

K,  =  6.%MPa4m  ) 


t(s) 

a(mm ) 

K(MPtiyfm) 

dal  dt  (mm/  s) 

300,270 

14.047 

6.45 

2.09e-05 

347,534 

15.060 

6.76 

2.20e-05 

387,137 

15.947 

6.95 

2.28e-05 

387,137 

15.947 

6.95 

1 .49e-06 

434,284 

16.001 

6.98 

8.05e-07 

471,677 

16.021 

6.65 

2.65e-07 

650,782 

16.189 

6.55 

2.1 1e-06 

695,479 

16.296 

6.51 

1 ,43e-06 

735,932 

16.318 

6.27 

8.19e-07 

778,062 

16.329 

6.19 

3.10e-07 

820,405 

16.345 

5.85 

1.98e-07 

864,190 

16.347 

5.86 

1.00e-07 

905,104 

16.351 

5.60 

2.49e-06 

953,537 

16.513 

5.66 

2.27e-06 

1  08e+06 

16.714 

5.21 

1  69e-06 

1.13e+06 

16.803 

5.24 

1 .47e-06 

1.17e+06 

16.871 

5.26 

1  29e-06 

1.21e+06 

17.224 

5.37 

1.01e-06 

1 ,25e+06 

17.253 

5.29 

5.20e-07 

1.30e+06 

17.263 

5.20 

4.68e-07 

1 ,35e+06 

17.298 

4.86 

9.89e-07 

3.78e+06 

32.492 

1.83 

6.24e-06 

4.19e+06 

37.622 

3.81 

1.24e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second, 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B3.  Stress  Corrosion  Experimental  Data  for  Specimen  SL39  (3.5%  NaCI, 

K,  =  8A//Wm ) 


t(s) 

a(mm ) 

K(MPchJm) 

dal  dt(mml  s ) 

120,731 

14.21 

8.04 

1.78e-06 

143,741 

14.24 

8  06 

1.75e-06 

162,208 

14.32 

8.10 

1.72e-06 

173,210 

14.32 

8.10 

1.71e-06 

208,459 

14.35 

8.03 

1.52e-06 

237,546 

14.39 

8.05 

1.26e-06 

259,860 

14.47 

8.09 

1.20e-06 

294,231 

14.47 

8.09 

1 ,42e-06 

326,750 

14.51 

8.11 

2.10e-06 

345,308 

14.51 

8.03 

2.06e-06 

384,205 

14.64 

8.09 

2.90e-06 

413,423 

14.82 

8.18 

3.38e-06 

499,961 

15.05 

8.21 

3.98e-06 

516,722 

15.13 

8  25 

4.16e-06 

556,275 

15.22 

8.21 

4  22e-06 

595,093 

15.53 

8.36 

4.81  e-06 

640,035 

15.73 

8.54 

5.36e-06 

663,015 

15.75 

8.72 

5.70e-06 

784,155 

16.55 

8.96 

1.24e-05 

808,541 

16.81 

9.01 

1.43e-05 

837,712 

17.35 

9.31 

1.69e-05 

1.02e+06 

21.64 

11.62 

2.76e-05 

1.03e+06 

22.71 

12.53 

2.29e-05 

1.07e+06 

23.67 

13.18 

1.96e-05 

1.12e+06 

24.65 

13.93 

1.52e-05 

1.17e+06 

24.90 

13.75 

9.03e-06 

1  18e+06 

24  90 

13.14 

6  65e-06 

1  21e+06 

25.20 

12.84 

7. 51  e-06 

1 ,25e+06 

25.34 

12.83 

1.17e-05 

1  27e+06 

25.37 

12.70 

1 ,41e-05 

1.31e+06 

26.52 

12.80 

1.81e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B4.  Stress  Corrosion  Experimental  Data  for  Specimen  SL33  (3.5%  NaCI, 

K,  =  9.8A//Ww ) 


t(s) 

a(mni) 

K(MPayfm) 

dal  dt  (mm  1  s) 

141,655 

14.120 

9.88 

3.02e-06 

149,314 

14.130 

9.88 

2.80e-06 

169,863 

14.210 

9.93 

2.21  e-06 

207,152 

14.240 

9.87 

1.36e-06 

234,480 

14.280 

9.82 

8.52e-07 

257,629 

14.300 

9.83 

7.60e-07 

487,826 

15010 

9.39 

1 .00e-05 

505,933 

15.120 

9.37 

9.52e-06 

515,594 

15.370 

9.43 

9.25e-06 

690,825 

16.440 

9.27 

4.88e-06 

721,561 

16.620 

9.12 

4.44e-06 

755,511 

16.740 

9.09 

3.51  e-06 

775,103 

16.810 

9.04 

2.79e-06 

811,694 

16.890 

8.83 

1.13e-05 

861,157 

17.500 

8.88 

9.63e-06 

898,657 

17.870 

8.90 

8.37e-06 

946,824 

18  080 

8.73 

6  76e-06 

987,351 

18.350 

8.59 

5.94e-06 

1.01e+06 

18.490 

8.38 

5.35e-06 

1 ,03e+06 

18.670 

8.47 

5  27e-06 

1  07e+06 

18  820 

8.25 

4.01  e-06 

1.10e+06 

18.910 

8.10 

3.08e-06 

1.12e+06 

18.990 

8.04 

2.38e-06 

1.19e+06 

20.110 

7.90 

3.63e-05 

1.21e+06 

20.910 

8.31 

2.76e-05 

1.24e+06 

21.610 

8.25 

1 ,42e-05 

1.51e+06 

22.740 

6.90 

1.86e-06 

1.54e+06 

22.850 

6.70 

2  42e-06 

1.56e+06 

22.860 

6.58 

2.84e-06 

1.62e+06 

23.080 

6.17 

4.05e-06 

1.64e+06 

23.200 

6.09 

4.37e-06 

1.68e+06 

23.330 

5.49 

5  13e-06 

1.72e+06 

23.580 

5.05 

5.85e-06 

Kplnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B5.  Stress  Corrosion  Experimental  Data  for  Specimen  SL41  (3.5%  NaCI, 

K ,  =  \0MPayfm ) 


t(s) 

a(mm) 

K(MPayfm) 

dal  dt  (mm  /  s) 

129,976 

14.19 

9.85 

6.82e-08 

164,189 

14.19 

9.85 

1.99e-07 

196,848 

14.19 

9.85 

3.29e-07 

220,180 

14.21 

9.86 

5.02e-07 

260,166 

14.23 

9.87 

8.00e-07 

294,905 

14.23 

9.87 

8.58e-06 

334,467 

14.89 

10.26 

1.00e-05 

366,093 

14.96 

10.30 

1.12e-05 

388,251 

15.19 

10.44 

1.20e-05 

423,650 

15.78 

10.80 

1 .38e-05 

460,757 

16.12 

10.94 

1 .63e-05 

475,213 

16.58 

11.15 

1 .63e-05 

535,601 

17.84 

11.93 

1 .44e-05 

558,307 

17.93 

11.99 

1 ,37e-05 

607,715 

18.45 

12.28 

1 . 1 9e-05 

625,367 

18.64 

12.33 

9.10e-06 

691,131 

19.05 

12  55 

1.22e-05 

793,178 

20.67 

12.93 

1.69e-05 

853,062 

21.81 

12.90 

1.97e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second, 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B6.  Stress  Corrosion  Experimental  Data  for  Specimen  SL37  (3.5%  NaCI, 

K,  =  \22MPa-Jm ) 


f(s) 

a{mm) 

K{MPa4m) 

dal  dt(mml  s ) 

76,133 

14.365 

12.21 

4.01  e-06 

98,260 

14.445 

12.19 

3.48e-06 

135,022 

14.605 

12.23 

2.59e-06 

182,786 

14.625 

12.24 

1 .93e-06 

239,132 

14.715 

12.23 

2.97e-06 

258,893 

14.815 

12.30 

3.65e-06 

270,380 

14.835 

12.24 

4.04e-06 

335,222 

15.465 

12.70 

7.37e-06 

356,589 

15.645 

12.75 

1.27e-05 

392,067 

16.275 

13.14 

2.12e-05 

423,336 

17.065 

13.68 

2.86e-05 

441,511 

17.595 

14.03 

3.30e-05 

480,739 

17.805 

14.12 

1.01e-05 

510,234 

18.105 

14  19 

1.03e-05 

532,442 

18.335 

14.39 

1 ,04e-05 

596,419 

21.405 

17.05 

9.29e-06 

613,124 

21.595 

17.15 

1 ,35e-05 

654,059 

22.355 

17.71 

1 ,76e-05 

691,600 

22.985 

18.01 

1 .59e-05 

736,800 

25.905 

21.72 

2.10e-05 

760,393 

26.775 

22.92 

5.27e-05 

785,529 

28.525 

25.66 

8.65e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B7.  Stress  Corrosion  Experimental  Data  for  Specimen  SL77  (3.5%  NaCI, 

K,=\6MPa4m) 


as) 

a(mm ) 

K(MPaJm) 

da/dt(mm/s ) 

19,957 

14.161 

15.9539 

3.69e-07 

52,927 

14.221 

15.8637 

3.10e-06 

66,520 

14.246 

15.8868 

4.34e-06 

87,302 

14.374 

15.9321 

4.95e-06 

95,625 

14.427 

16.0553 

4.04e-06 

106,839 

14.456 

16.0824 

1.69e-06 

138,148 

14.468 

16.0196 

2.30e-06 

171,319 

14.612 

16.1545 

3.23e-06 

193,361 

14.678 

16.2167 

3.87e-06 

225,954 

14.804 

16.185 

3.98e-06 

324,714 

15.233 

16.5946 

3.72e-06 

406,665 

15.583 

16.8578 

5.62e-06 

507,692 

15.677 

16.8711 

9.10e-06 

604,391 

17.363 

18.3717 

1 ,24e-05 

Kj=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B8.  Stress  Corrosion  Experimental  Data  for  Specimen  SL49  (3.5%  NaCI, 

25%  overload,  K ,  =  \QMPaJm  ) 


t(s) 

a(mm) 

K(MPa-Jm) 

dal  dt(mml  s) 

175,226 

14.020 

9.91 

2.12e-06 

206,799 

14.080 

9.94 

1.68e-06 

233,600 

14.120 

9.98 

1.31e-06 

293,508 

14.120 

9.97 

7.51e-06 

322,180 

14.310 

10.01 

6.1 1e-06 

350,457 

14.540 

10.22 

4.72e-06 

380,892 

14.570 

10.16 

3.24e-06 

405,743 

14.650 

10.20 

2.41  e-06 

431,701 

14.690 

10.23 

1 ,62e-06 

466,131 

14.710 

10.24 

1 ,47e-06 

498,351 

14.780 

10.28 

1.24e-06 

518,347 

14.810 

10.22 

1.22e-06 

576,823 

14.850 

10.25 

1.19e-06 

643,266 

14.940 

10.22 

1 . 1 6e-06 

672,600 

14.980 

10.24 

1.14e-06 

757,719 

15.220 

10.39 

8. 71  e-06 

780,007 

15.370 

10.40 

8.37e-06 

814,182 

15.610 

10.55 

7.85e-06 

846,851 

15.880 

10.63 

7.34e-06 

870,206 

16.190 

10.83 

7.46e-06 

910,216 

16.290 

10.81 

7.70e-06 

944,756 

16.560 

10.90 

8.17e-06 

984,496 

16.920 

11.13 

8.71  e-06 

1 ,02e+06 

17.277 

11.19 

9.14e-06 

1.02e+06 

17.277 

11.19 

3.76e-05 

1 ,04e+06 

17.988 

11.68 

3.68e-05 

1.07e+06 

19.541 

12.55 

3.55e-05 

1.11e+06 

20.532 

13.05 

3.41  e-05 

1.19e+06 

23.118 

14.58 

3.13e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B9.  Stress  Corrosion  Experimental  Data  for  Specimen  SL45  (3.5%  NaCI, 
Step  1 :  50%  overload,  AT,  =  1  OMPaJm  ,  Kf  =  1 5.34MPaJm  ;  Step  2:  Kt .  =  8.27 MPa4m ) 

t{s) 

a  (mm) 

K(MPaJm) 

dal  dt  (mm/ s) 

Step  1:  50%  overload, 

=  1  OMPayfm  ,  Kf  =  1 5.34A//W m 

457,877 

14.57 

10.25 

4.60e-06 

498,797 

14.73 

10.34 

4.63e-06 

522,318 

14.90 

10.52 

4.65e-06 

546,675 

14.96 

10.41 

4.92e-06 

585,332 

15.16 

10.53 

4.36e-06 

608,528 

15.30 

10.62 

4.61  e-06 

646,961 

15.41 

10.69 

4.05e-06 

670,720 

15.55 

10.77 

1.19e-05 

698,607 

16.23 

11.13 

1.53e-05 

724,025 

16.45 

11.36 

1 ,84e-05 

761,356 

17.00 

11.73 

2.03e-05 

782,237 

17.88 

12.37 

1.95e-05 

808,424 

18.18 

12.51 

1  90e-05 

843,942 

18.67 

12.79 

1.70e-05 

880,303 

19.18 

13.11 

1.52e-05 

892,353 

19.78 

13.62 

1.46e-05 

932,964 

20.02 

13.73 

1.28e-05 

1.02e+06 

20.32 

13.89 

1 . 1 9e-05 

1 ,04e+06 

20.63 

14.18 

1  51e-05 

1.10e+06 

21.50 

14.69 

1 ,77e-05 

1.13e+06 

22  01 

15.34 

2  07e-05 

Step  2:  I 

=  8.27  MPa  Jm 

1154,539 

22.01 

8.27 

0 

1189,192 

22.01 

8.15 

0 

1218,047 

22.01 

8.15 

0 

1240,496 

22.01 

8.15 

0 

1274,718 

22.01 

8  15 

0 

1307,652 

22.01 

8.03 

0 

1325,497 

22.01 

8.03 

0 

1364,463 

22.01 

8.03 

0 

1394,454 

22.01 

8.03 

0 

1414,312 

22  01 

8.03 

0 
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1450,481 

22.01 

7.91 

0 

1478,418 

22.01 

7.80 

0 

1498,930 

22.01 

7.80 

0 

1540,605 

22.01 

7.80 

0 

1566,354 

22.01 

7.68 

0 

1.63e+06 

22.65 

8.04 

6.67e-07 

1 ,66e+06 

22.67 

8.04 

1.37e-06 

1.67e+06 

22.69 

8.06 

1.93e-06 

1.67e+06 

22.69 

8.04 

1.23e-05 

1.71e+06 

23.11 

8.31 

1.09e-05 

1.73e+06 

23.37 

8.08 

1.00e-05 

1.76e+06 

23.66 

8.13 

8.83e-06 

1.85e+06 

24.25 

6.82 

7.14e-06 

1.94e+06 

24.83 

7.60 

8.10e-06 

1.97e+06 

25.10 

7.62 

8.26e-06 

1.99e+06 

25.40 

7.66 

7.24e-06 

2.02e+06 

25.51 

7.12 

4.60e-06 

2.05e+06 

25.61 

7.02 

1 .24e-06 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 

Kf=Final  stress  intensity  factor  at  the  end  of  the  current  step  loading; 

t=time  in  second;  a=crack  length  measured  from  the  line  of  action  of  the  external  load; 

K=applied  stress  intensity  factor;  da/dt=crack  growth  rate 
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Table  BIO.  Stress  Corrosion  Experimental  Data  for  Specimen  SL50  (3.5%  NaCI, 

75%  overload,  K,  =  I  OMPaJm  ) 


t(s) 

a(mm) 

K{MPa4m ) 

dal  dt(mml  s) 

349,127 

14.265 

9.80 

1.75e-Q5 

372,476 

14.695 

10.05 

1.51e-05 

412,423 

15  005 

10.23 

1.10e-05 

447,404 

15.655 

10.63 

6.85e-06 

486,805 

15.655 

10.63 

1.92e-06 

710,694 

15.665 

10.64 

1.62e-05 

759,953 

16.460 

11.15 

1.30e-05 

777,587 

16.704 

11.23 

1.18e-05 

945,005 

17.608 

11.76 

2.86e-06 

1.28e+06 

27.253 

22.65 

2.06e-05 

1.30e+06 

27.494 

23.18 

1.10e-05 

Ki=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 


Table  B11.  Stress  Corrosion  Experimental  Data  for  Specimen  SL47  (3.5%  NaCI, 

100%  overload,  Kt  =  10 MPa4m  ) 


t(s) 

a(mm) 

K(MPa\lm) 

dal  dt(nmil  5) 

893,934 

14.175 

9.57 

9.18e-06 

932,265 

14.475 

9.67 

6.48e-06 

957,296 

14.615 

9.75 

4.71  e-06 

984,455 

15.645 

10.35 

2.60e-05 

1.02e+06 

16.435 

10.67 

1.85e-05 

1 ,04e+06 

16.805 

10.91 

2.12e-05 

1.07e+06 

17.405 

10.86 

3.13e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second, 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B12.  Stress  Corrosion  Experimental  Data  for  Specimen  SL46  (3.5%  NaCI, 

125%  overload,  K,  =  \0MPa ) 


t(s) 

a(mni) 

K(MPayfm) 

da/  dt  (mm/  s ) 

929,309 

17.10 

9.71 

6.76e-06 

974,999 

17.46 

9.75 

9.00e-06 

1.01e+06 

17.83 

9.78 

1.08e-05 

1.04e+06 

18.83 

10.30 

1.37e-05 

1.06e+06 

19.22 

10.46 

1.11  e-05 

1.10e+06 

19.46 

10.41 

7.37e-06 

1.13e+06 

19.63 

10.32 

4.25e-06 

1.15e+06 

19.74 

10.18 

1.85e-06 

1.15e+06 

19.74 

10.18 

2.52e-05 

1.18e+06 

20.69 

10.39 

2.75e-05 

1.22e+06 

21.62 

10.48 

2.98e-05 

1.23e+06 

22.09 

10.47 

2.73e-05 

1.27e+06 

23.42 

10.46 

3.63e-05 

1.30e+06 

23.55 

9.49 

5.17e-05 

1.32e+06 

25.86 

4.28 

6.18e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B13.  Stress  Corrosion  Experimental  Data  for  Specimen  SL44  (3.5%  NaCI, 

50%  underload,  K,  =  10A//Ww  ) 


t{s) 

a{mm ) 

K(MPa-fm) 

dal  dt(mml  5) 

187,050 

14.19 

9.78 

3.78e-06 

193,437 

14.28 

9.83 

3.54e-06 

199,860 

14.28 

9.83 

3.31  e-06 

232,724 

14.34 

9.86 

1.97e-06 

263,310 

14.41 

9.90 

1.72e-06 

282,881 

14.46 

9.93 

1.91  e-06 

319,170 

14.48 

9.94 

1 ,68e-06 

346,926 

14.58 

10.00 

1.22e-06 

367,970 

14.58 

10.00 

1.69e-06 

410,122 

14.60 

9  94 

2.14e-06 

435,290 

14.74 

10.02 

2.41  e-06 

496,101 

14.77 

10.03 

5.40e-05 

528,671 

16.13 

10.87 

2.95e-05 

541,166 

16.44 

11.07 

2.01e-05 

579,534 

16.71 

11.16 

2.44e-05 

603,359 

17.14 

11.45 

2.26e-05 

632,674 

17.81 

11.92 

2.03e-05 

664,199 

18.57 

12.39 

1.79e-05 

690,853 

18.84 

12.51 

1.59e-05 

838,514 

23.91 

17.17 

2.34e-05 

863,105 

24.46 

17.79 

2.14e-05 

923,524 

25.61 

19.24 

1.63e-05 

955,443 

26.06 

19.51 

1.39e-05 

975,782 

26.35 

19.85 

1.24e-05 

1.01e+06 

26.74 

20.04 

9.62e-06 

1.03e+06 

29.76 

26.52 

1.13e-05 

1 ,06e+06 

30.24 

26.77 

1.89e-05 

K(=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B14.  Stress  Corrosion  Experimental  Data  for  Specimen  SL48  (3.5%  NaCI, 
Step  1:  100%  underload,  K,  =  \0MPaJm ,  Kf  =  \221MPaJm  ;  Step  2: 

K,  =  \0J  MPayfm) 

t(s)  a(mm)  K  (MPayfm)  da  I  dt {mm  Is) 


Step  1:  100%  underload,  K, .  =  1  OMPaJm  ,  Kf  =  \221MPa4m 


95,318 

14.205 

9.61 

4.02e-06 

112,227 

14.305 

9.66 

3.42e-06 

122,710 

14.345 

9.69 

3.05e-06 

180,401 

14.405 

9.72 

1.88e-06 

204,214 

14,475 

9.76 

2.03e-06 

242,435 

14.555 

9.88 

2.17e-06 

267,461 

14.615 

9.92 

1.81e-06 

291,649 

14.655 

9  86 

1.71e-06 

326,462 

14.695 

9.81 

1.53e-06 

355,845 

14.755 

9.84 

9.05e-06 

377,983 

15.155 

10.08 

1.24e-05 

412,241 

15.595 

10.34 

1.77e-05 

445,510 

16.085 

10.56 

1.58e-05 

462,678 

16.765 

10.99 

1.66e-05 

501,918 

17.005 

11.15 

1.53e-05 

532,272 

17.495 

11.48 

1.30e-05 

551,898 

17.945 

11.70 

1.36e-05 

588,303 

18.245 

11.91 

1.26e-05 

614,919 

18.395 

11.93 

1.38e-05 

636,062 

18.975 

12.27 

1.48e-05 

Step  2:  / 

=  10.7A/iWm 

679,244 

20.765 

10.69 

0 

703,797 

20.765 

10.69 

0 

726,397 

20.765 

10.69 

0 

765,160 

20.765 

10.69 

0 

797,369 

20.765 

10.69 

6  81e-06 

810,202 

20.865 

10.76 

8.78e-06 

848,568 

21.315 

11.09 

1.33e-05 

872,471 

21.655 

11.24 

1.52e-05 

933,629 

22.615 

11.90 

1 ,29e-05 

959,977 

23.005 

12.24 

1.34e-05 
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983,321 

23.345 

12.55 

1.38e-05 

1.02e+06 

23.735 

12.92 

1.17e-05 

1.05e+06 

24.265 

13.32 

9.1 1e-06 

1.08e+06 

24.305 

13.22 

8.61  e-06 

1.11e+06 

24.485 

13.41 

2.01  e-05 

1.13e+06 

24.855 

13.52 

3.55e-05 

1.16e+06 

26.345 

15.00 

5.13e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 

K(=Final  stress  intensity  factor  at  the  end  of  the  current  step  loading; 

t=time  in  second;  a=crack  length  measured  from  the  line  of  action  of  the  external  load; 

K=applied  stress  intensity  factor;  da/dt=crack  growth  rate 
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Table  B15.  Stress  Corrosion  Experimental  Data  for  Specimen  SL66  (5.0%  NaCI, 

Kt  =  \0MPayfm) 


t(s) 

a(mm) 

K(MPayfm) 

dal  dt  (mm  1  s) 

211216 

14.437 

10.0297 

1 .00e-06 

256917 

14.437 

10.0297 

1 . 1 0e-06 

297193 

14.52 

10.0037 

5.57e-06 

341891 

14.943 

10.2528 

1.00e-05 

381988 

15.365 

10.5076 

1.10e-05 

514493 

15.369 

10.5101 

1.49e-05 

596213 

16.602 

11.2118 

1.53e-05 

639168 

17.261 

11.6577 

1.54e-05 

688747 

20.366 

14.0221 

1.57e-05 

727494 

21.033 

14.5408 

2.08e-05 

773544 

22.466 

16.049 

2.69e-05 

813286 

23.06 

16.7522 

2.86e-05 

861259 

25.145 

19.5394 

2.97e-05 

896422 

25.744 

20.5421 

3.23e-05 

987797 

28.831 

27.243 

2.83e-05 

1.03e+06 

29.757 

29.8604 

2.79e-05 

Ki=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B16.  Stress  Corrosion  Experimental  Data  for  Specimen  SL65  (3.0%  NaCI, 

K,  =  1  OMPa^fm  ) 


«S) 

a(mm) 

K{MPayfm) 

dal  dt  {mm  /  s) 

147,472 

14.223 

10.08 

2.24e-06 

197,103 

14.288 

10.19 

3.16e-06 

233,518 

14.678 

10.42 

3.20e-06 

289,885 

14.686 

10.43 

1.72e-06 

321,955 

14.726 

10.53 

4.81  e-07 

371,124 

14.731 

10.53 

8.19e-07 

407,711 

14.761 

10.47 

1 . 1 3e-06 

450,955 

14.834 

10.52 

1.49e-06 

536,025 

16.869 

11.85 

1.27e-05 

582,315 

17.337 

12.19 

7.49e-06 

752,836 

20.126 

14.28 

8.74e-06 

796,303 

20.737 

14.98 

1.12e-05 

884,617 

23.285 

17.78 

2.26e-05 

927,914 

24.550 

19.46 

1.81e-05 

966,547 

24.767 

19.81 

1 ,42e-05 

1.01e+06 

25.335 

20.76 

9.59e-06 

1.06e+06 

25.832 

21.49 

9.37e-06 

1.10e+06 

26.076 

21.62 

9.20e-06 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B17.  Stress  Corrosion  Experimental  Data  for  Specimen  SL64  (2.0%  NaCI, 

K,  =  XtiMPaJm ) 


t(s) 

a(mm) 

K(MPayfm) 

dal  dt(mml  s) 

87,476 

14.328 

9.93 

1.62e-06 

129,368 

14.392 

9.89 

2.47e-06 

168,000 

14.514 

10.04 

3.25e-06 

213,090 

14.700 

9.92 

3.90e-06 

262,124 

14.906 

10.27 

3.24e-06 

297,201 

15.032 

10.34 

2.65e-06 

344,699 

15.087 

10.30 

2.10e-06 

383,860 

15.160 

10.35 

2.20e-06 

435,218 

15.299 

10.35 

3.03e-06 

470,380 

15.411 

10.42 

2.33e-05 

519,819 

16.764 

11.28 

2.97e-05 

557,444 

17.510 

11.70 

3.45e-05 

598,893 

19.250 

13.01 

3.99e-05 

648,213 

21.562 

15.03 

4.26e-05 

690,634 

24.189 

18.20 

4.08e-05 

731,069 

25.401 

19.76 

3.55e-05 

752,349 

25.807 

20.30 

3.26e-05 

776,598 

26.783 

22.12 

2.67e-05 

817,738 

27.874 

24.33 

2.32e-05 

866,307 

28.771 

25.58 

1.91e-05 

903,583 

29.377 

26.61 

1 ,60e-05 

Krlnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second, 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B18.  Stress  Corrosion  Experimental  Data  for  Specimen  SL62  (1.0%  NaCI, 

Kt  =  1  QMPa4m  ) 


t(s) 

a(mm) 

K(MPchfni) 

dal  dt(mml  s ) 

127,161 

14.118 

9.95 

1.43e-06 

176,928 

14.172 

10.06 

1 . 1 6e-06 

227,646 

14.233 

10.02 

8.78e-07 

268,606 

14.266 

10.11 

1.15e-06 

324,655 

14.288 

10.05 

1 .55e-06 

351,616 

14405 

10.20 

1.75e-06 

406,531 

14.464 

10.38 

1.17e-05 

435,585 

14.730 

10.47 

1 .77e-05 

468,025 

15.428 

10.59 

2.44e-05 

513,395 

16.596 

11.60 

3.38e-05 

557,921 

18.394 

12.74 

4.30e-05 

605,100 

21.414 

15.26 

4.21e-05 

637,832 

22.171 

15.96 

4.26e-05 

668,660 

24.431 

18.63 

3.91e-05 

722,649 

25.316 

19.58 

3.30e-05 

743,889 

26.647 

21.31 

3.07e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test;  t=time  in  second; 
a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor;  da/dt=crack  growth  rate. 


Table  B19.  Stress  Corrosion  Experimental  Data  for  Specimen  SL79  (1%  NaCI, 

K,  =  I  SMPa-Jm  ) 


t(s) 

a{mm) 

K(MPa-Jm) 

da  /  dt(mml  s) 

60,885 

14.154 

14.61 

6  1 0e-06 

98,867 

14.520 

15.00 

1.01e-05 

109,299 

14.697 

15.15 

9.88e-06 

143,931 

15.061 

15.09 

7.79e-06 

177,054 

15.168 

15.42 

4.06e-06 

240,443 

15.238 

15.56 

4.40e-06 

230,174 

15.334 

15.25 

4.00e-06 

263,883 

15.491 

15.71 

6.57e-06 

278,019 

15.542 

15.76 

7.65e-06 

Kj=lnitial  stress  intensity  factor  at  the  start  of  the  test;  t=time  in  second; 
a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B20.  Stress  Corrosion  Experimental  Data  for  Specimen  SL102  (0.35%  NaCI, 

K,  =  £>MPa-Im ) 


t(s) 

a(mm) 

K(MPa-Jm) 

dal  dt  {mm  1  s) 

511,562 

13.909 

5.72 

8.21  e-06 

557,522 

13.956 

5.88 

9.71  e-06 

593,829 

14.992 

6.17 

1.17e-05 

641,323 

15.070 

6.20 

1.56e-05 

815,640 

18.776 

7.64 

2.37e-05 

862,412 

19.954 

8.24 

1.97e-05 

880,988 

20.026 

8.17 

2.10e-05 

902,299 

20.550 

8.46 

1.86e-05 

941,374 

21.485 

8.89 

1.87e-05 

962,016 

21.666 

8.89 

3.44e-05 

980,813 

22.072 

9.02 

3.99e-05 

1. 02981 e+06 

25.477 

11.59 

6.1 1e-05 

1.06713e+06 

27.709 

13.25 

6.62e-05 

1.11558e+06 

30.898 

17.47 

7.93e-05 

1.13024e+06 

32.102 

19.15 

8.46e-05 

1.14679e+06 

33.742 

21.52 

9.06e-05 

Krlnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B21.  Stress  Corrosion  Experimental  Data  for  Specimen  SL99  (0.35%  NaCI, 

K,  =  8  MPaJm  ) 


t(s) 

a  (mm) 

K(MPayfm) 

dal  dt(mml  s) 

44,810 

14.312 

8.11 

3.15e-07 

82,570 

14.347 

8.20 

1.03e-06 

100,849 

14.341 

8.19 

1.37e-06 

118,005 

14.376 

8.36 

1.48e-06 

132,420 

14.418 

8.36 

1.68e-06 

169,777 

14.496 

8.42 

1.8e-06 

189,919 

14.508 

8.42 

1.63e-06 

210,999 

14.537 

8.44 

1.41e-06 

260,019 

14.628 

8.48 

1 . 1 9e-06 

277,839 

14.628 

8.48 

1 .52e-Q6 

300,906 

14.642 

8.49 

1 .63e-06 

339,543 

14.695 

8.44 

1.84e-06 

391,415 

14.869 

8.60 

1.94e-06 

426,363 

14.934 

8.56 

1.70e-06 

474,866 

15.020 

8.68 

1.24e-06 

511,788 

15.024 

8.60 

8.02e-07 

557,949 

15.039 

8.69 

6.27e-07 

593,998 

15.072 

8.70 

4.22e-07 

641,758 

15.074 

8.70 

5.48e-07 

815,791 

15.198 

8.77 

1 ,64e-06 

862,868 

15.342 

8.84 

3.49e-06 

881,166 

15.388 

8.79 

4.08e-06 

902,806 

15.390 

8.79 

6.57e-06 

941,375 

15.724 

8.96 

1.23e-05 

962,431 

15.800 

8.92 

1.58e-05 

980,930 

16.444 

9.26 

1.92e-05 

1.03027e+06 

17.647 

9.86 

2.64e-05 

1.06717e+06 

18.619 

10.36 

3.27e-05 

1.1 1621e+06 

19.92 

11.04 

4.09e-05 

1.14721e+06 

21.673 

12.05 

4.22e-05 

1 ,20264e+06 

24.600 

14.24 

4.68e-05 

1  23345e+06 

26.412 

15.92 

5.20e-05 

1. 28821 e+06 

27.945 

16.82 

5.44e-05 

1.31695e+06 

30.072 

18.88 

5.56e-05 

1.34091 e+06 

32,379 

22.93 

5.67e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test;  t=time  in  second; 
a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
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K=applied  stress  intensity  factor;  da/dt=crack  growth  rate. 


Table  B22.  Stress  Corrosion  Experimental  Data  for  Specimen  SL61  (0.35%  NaCI, 

Kt  =  lOMPetJm ) 


t(s) 

a(mm ) 

K(MPayfm) 

dal  dt  (mm  I 5) 

0 

14.043 

10.06 

0 

38,444 

14.059 

10.06 

4.48e-07 

87,564 

14.121 

9.89 

2.76e-06 

125,046 

14.229 

9.94 

3.48e-06 

174,092 

14.541 

10.12 

3.42e-06 

211,888 

14.606 

10.16 

2.69e-06 

260,016 

14.676 

10.13 

1 ,44e-06 

299,663 

14.733 

10.24 

1.76e-06 

345,805 

14.789 

10.27 

2.41e-06 

385,461 

14.931 

10.36 

4.02e-06 

428,233 

15.078 

10.37 

8.95e-06 

476,435 

15.489 

10.54 

2.31e-05 

525,828 

16.785 

11.20 

4.27e-05 

573,187 

19.794 

13.47 

5.82e-05 

587,956 

20.343 

13.74 

5.65e-05 

601,330 

21.011 

14.37 

4.99e-05 

643,375 

23.528 

16.92 

5.38e-05 

653,734 

24.176 

17.50 

7.61  e-05 

665,769 

24.613 

18.12 

7.82e-05 

688,335 

27.261 

22.08 

1.03e-04 

695,439 

27  964 

23.44 

1  08e-04 

731,262 

32.123 

30.19 

1.31e-04 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B23.  Stress  Corrosion  Experimental  Data  for  Specimen  SL78  (0.35%  NaCI, 

K,  =  15  MPaJm  ) 


t(s ) 

a(mm) 

K(MPayfm) 

dal  dt  {mm  1  s) 

14,147 

14.104 

14.92 

6.08e-08 

21,348 

14.104 

14.92 

9.23e-08 

60,552 

14.114 

14.71 

6.83e-07 

69,052 

14.114 

14.71 

1.16e-06 

75,496 

14.127 

14.80 

1.07e-06 

104,020 

14.181 

14.85 

3.24e-06 

145,209 

14.384 

14.80 

4.22e-06 

176,157 

14528 

15.07 

4.45e-06 

228,697 

14.761 

15.21 

4.53e-06 

274,740 

14.899 

15.33 

5.43e-06 

319,129 

15.219 

15.61 

7.25e-06 

340,673 

15.364 

15.75 

8.38e-06 

365,681 

15  581 

15.95 

9.69e-06 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B24.  Stress  Corrosion  Experimental  Data  for  Specimen  SL100  (0.35%  NaCI, 

K,  =  \2MPa4m ) 


t(s) 

a  (mm) 

K(MPaylm) 

daldt(mml  s ) 

44,304 

14.577 

11.96 

5.44e-07 

82,223 

14.620 

11.91 

1 .36e-06 

100,349 

14.644 

11.93 

1.74e-06 

117,025 

14.674 

11.95 

2.26e-06 

132,003 

14.708 

11.98 

2.51  e-06 

168,760 

14.814 

11.98 

3.16e-06 

189,313 

14.920 

12.13 

3.30e-06 

208,833 

14.953 

12.30 

3.31  e-06 

259,466 

15.156 

12.29 

2.71  e-06 

277,488 

15.184 

12.39 

2.50e-06 

299,938 

15.237 

12.43 

2.34e-06 

339,020 

15.293 

12.39 

1 ,72e-06 

390,430 

15.382 

12.46 

1 .74e-06 

425,721 

15.448 

12.51 

1 ,96e-06 

473,818 

15.501 

12.55 

2.65e-06 

511,218 

15.617 

12.55 

3.76e-06 

556,906 

15.770 

12.67 

6.34e-06 

593,610 

15.989 

12.83 

8.37e-06 

640,720 

16.436 

13.17 

1.17e-05 

815,430 

19.817 

15.70 

3.33e-05 

861,673 

21.539 

17.38 

4.25e-05 

880,598 

22.701 

18.74 

4.85e-05 

901,613 

23.392 

19.73 

5.25e-05 

941,125 

25.623 

22.98 

6.02e-05 

961,371 

27.215 

25.98 

6.41  e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B25.  Stress  Corrosion  Experimental  Data  for  Specimen  SL101  (0.35%  NaCI, 

K,  =  \4MPaJm) 


t(s) 

a{mm) 

K(MPaJm) 

da/  dt  (mm/ s) 

45,131 

14.310 

13.99 

8.67e-07 

77,776 

14.319 

13.63 

6.1 1e-06 

101,051 

14.363 

13  96 

1.05e-05 

118,670 

14.817 

14  26 

8.77e-06 

132,346 

14.874 

14.31 

1.02e-05 

170,503 

14.978 

14.32 

3.28e-06 

190,195 

15.038 

14.37 

2.98e-06 

211,570 

15.128 

14.45 

3.14e-06 

260,367 

15.243 

14.54 

2.68e-06 

278,455 

15.307 

14.52 

2.29e-06 

339,859 

15.442 

14.55 

1 ,83e-06 

392,002 

15,442 

14.55 

8.37e-06 

426,744 

15.594 

14.44 

1.32e-05 

475,472 

16.760 

15.39 

3.19e-05 

512,136 

17.626 

15.94 

4.21e-05 

558,580 

20.951 

19.47 

4.76e-05 

594,236 

22.245 

20.82 

4.65e-05 

642,352 

24.315 

23.63 

4.50e-05 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B26.  Stress  Corrosion  Experimental  Data  for  Specimen  SL63  (0.1%  NaCI, 


K,  =  1  OMPaJm ) 

t(s) 

a(mm) 

K(MPayfm) 

dal  dt(mml  s ) 

20,339 

14.059 

10.16 

6.51e-06 

60,675 

14.264 

10.29 

2.58e-06 

76,635 

14.265 

10  29 

1 .03e-06 

90,029 

14.265 

10.29 

6.53e-07 

107,601 

14.269 

10.29 

2.07e-06 

149,890 

14.433 

10.39 

3.97e-06 

188,293 

14  461 

10.48 

6.84e-06 

233,460 

15.071 

10.78 

8.06e-06 

282,340 

15.525 

11.15 

6  45e-06 

317,448 

15.614 

11.13 

4.03e-06 

365,036 

15.718 

10.96 

1.94e-06 

404,138 

15.799 

11.17 

1 ,47e-06 

455,457 

15.846 

11.20 

8.47e-07 

490,718 

16.123 

11.30 

1.73e-05 

540,056 

17.630 

12.36 

5.37e-05 

577,727 

20  316 

14.51 

1.09e-04 

619,149 

26.502 

22.55 

1 .90e-04 

Ki=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B27.  Stress  Corrosion  Experimental  Data  for  Specimen  SL72  (0.1%  NaCI, 

K,  =  1 5MPa4m  ) 


t(s) 

a(mm) 

K  (MPa  4m) 

dal  dt(mm/ s ) 

0 

14.352 

15.22 

8.33e-06 

45,228 

14.410 

15.12 

1.09e-05 

77,125 

14.974 

15.47 

1.29e-05 

87,086 

15.087 

15.57 

9.45e-06 

105,284 

15.196 

15.67 

3.13e-05 

133,579 

17.197 

17.63 

8.99e-05 

165,344 

20.734 

21.55 

1 ,52e-04 

173,729 

22.102 

23.54 

1.74e-04 

Kj=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor;  da/dt=crack  growth  rate. 

Table  B28.  Stress  Corrosion  Experimental  Data  for  Specimen  SL69  (0.07%  NaCI, 

K,  =  10A«Wiw) 

t(s) 

a(mm) 

K  (MPa 4m) 

da/dt(mm/s) 

122,072 

14.378 

9.94 

6.07e-07 

139,852 

14.379 

9.94 

7.24e-07 

170,155 

14.411 

9.96 

9.23e-07 

207,902 

14.453 

9.98 

1.20e-06 

249,423 

14.503 

10.01 

1 ,54e-06 

296,641 

14.577 

10.05 

1.68e-06 

338,703 

14.689 

10.12 

1.72e-06 

385,029 

14.732 

10.14 

1.76e-06 

425,287 

14.785 

10.18 

5.66e-06 

467,985 

15.050 

10.33 

6.75e-06 

514,889 

15.395 

10.54 

7.03e-06 

552,833 

15.652 

10.70 

6.51  e-06 

903,784 

16.106 

10.83 

9.91  e-06 

945,006 

16.442 

11.04 

1.89e-05 

985,385 

17.695 

11.89 

2.48e-05 

1.05e+06 

19.852 

13.28 

2.49e-05 

1.10e+06 

20.741 

13.74 

1.89e-05 

1.12e+06 

21.123 

14.09 

1.65e-05 

1.16e+06 

28.573 

22.63 

1  80e-04 

Krlnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 

K=applied  stress  intensity  factor;  da/dt=crack  growth  rate. 
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Table  B29.  Stress  Corrosion  Experimental  Data  for  Specimen  SL67  (0.035%  NaCI, 

K,  =  10  MPaJm ) 

t(s) 

a(mm) 

K(MPaJm) 

dal  dt  {mm/  s) 

250,200 

14.411 

10.41 

3.87e-07 

297,100 

14.433 

10.42 

2.64e-07 

339,256 

14.433 

10.42 

1.54e-07 

385,538 

14.441 

10.43 

8.53e-08 

426,025 

14.441 

10.43 

9.92e-08 

468,288 

14.447 

10.43 

1.14e-07 

515,685 

14.566 

10.51 

6.02e-07 

553,361 

14.596 

10.52 

5.34e-07 

600,386 

14.600 

10.45 

4.50e-07 

639,917 

14.636 

10.48 

3.79e-07 

684,634 

14.641 

10.48 

3.12e-07 

727,102 

14.658 

10.49 

2  74e-07 

771,390 

14.661 

10.49 

2.54e-07 

818,468 

14.675 

10.50 

2.84e-07 

859,152 

14.677 

10.50 

2.61  e-07 

904,228 

14.711 

10.52 

2.37e-07 

945,765 

14.715 

10.52 

1.74e-07 

985,871 

14.715 

10.52 

1 . 1 2e-07 

1.12e+06 

14.862 

10.61 

3.00e-07 

1.16e+06 

14.881 

10.62 

2.61  e-07 

1.21e+06 

14.885 

10.70 

2.19e-07 

1.25e+06 

14.895 

10.56 

1.82e-07 

1  30e+06 

14  896 

10.56 

1.11e-07 

1.48e+06 

14.909 

10.72 

2.12e-07 

1  51e+06 

14  939 

10.74 

2.39e-07 

1  55e+06 

14.940 

10.74 

2.94e-07 

1.59e+06 

14.950 

10.59 

3.05e-07 

1 ,64e+06 

14.967 

10.68 

2.55e-07 

1.68e+06 

14.983 

10.61 

2  14e-07 

1.72e+06 

14.985 

10.84 

1.65e-07 

1.76e+06 

15.046 

10.73 

9.50e-07 

1.85e+06 

15.122 

10.85 

7.97e-07 

1.89e+06 

15.160 

10.95 

7.20e-07 

1 ,94e+06 

15.178 

10.73 

6.74e-07 

1.99e+06 

15.217 

10.91 

6.63e-07 

2.03e+06 

15.243 

10.93 

6.54e-07 

2.07e+06 

15418 

11.04 

7.99e-07 

2.15e+06 

15.502 

11.02 

1.20e-06 

2.20e+06 

15.556 

10.97 

1 ,40e-06 

2.33e+06 

15.616 

11.17 

9.55e-07 

2.42e+06 

15.703 

11.15 

8.52e-07 
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2.51e+06 

15.753 

11.26 

7.48e-07 

2.54e+06 

15.802 

11.21 

6.94e-07 

2.68e+06 

15.878 

11.34 

7.53e-07 

2.80e+06 

15.986 

11.41 

1.18e-06 

2.89e+06 

16.080 

11.40 

1.30e-06 

2.98e+06 

16.160 

11.45 

1.43e-06 

3.06e+06 

16.389 

11.60 

1.48e-06 

3.15e+06 

16.451 

11.82 

1.37e-06 

3.24e+06 

16.578 

11.90 

1.28e-06 

3.33e+06 

16.666 

12.05 

1.32e-06 

3.42e+06 

16.869 

12.11 

1  21e-06 

3.51e+06 

16.906 

12.14 

1.11e-06 

4.04e+06 

19.077 

13.85 

6.70e-07 

4.24e+06 

19.409 

14  04 

6.70e-07 

4.37e+06 

19.415 

14.05 

7.98e-07 

4.45e+06 

19.419 

14.05 

8.93e-07 

4.55e+06 

19.517 

14.04 

1.01e-06 

4.65e+06 

19.546 

14.06 

1.05e-06 

4.74e+06 

19.567 

14.08 

9.98e-07 

4.79e+06 

19.871 

14.25 

1.10e-06 

4.88e+06 

19.892 

14.06 

1.14e-06 

4.95e+06 

20.046 

14.31 

9.94e-07 

5.07e+06 

20.125 

14.28 

9.97e-07 

5  34e+06 

20.437 

14.69 

1.1 1e-06 

5.77e+06 

20.758 

14.77 

1.30e-06 

6.18e+06 

21.392 

15.30 

1.48e-06 

7.04e+06 

23.006 

16.51 

1.80e-06 

7.21e+06 

23.457 

17.21 

1.80e-06 

7.38e+06 

23.634 

17.44 

1.90e-06 

7.69e+06 

23.993 

17.93 

1.99e-06 

7.92e+06 

24.666 

18.76 

2.06e-06 

8.12e+06 

25.038 

19.03 

2.12e-06 

8.36e+06 

25.418 

19.33 

2.19e-06 

8.72e+06 

26.484 

20.53 

2.30e-06 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B30.  Stress  Corrosion  Experimental  Data  for  Specimen  SL81  (0.035%  NaCI, 

K,  =  l5MPaJm) 


as) 

a(mm ) 

K(MPaJm) 

dal  dl{mml s) 

42,730 

13.937 

14.93 

0 

83,464 

13.937 

14.85 

2.14e-06 

128,316 

14.139 

15.03 

2.73e-06 

168,986 

14.185 

15.07 

1.15e-06 

1.68127e+06 

17.084 

17.51 

2.68e-06 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B31.  Stress  Corrosion  Experimental  Data  for  Specimen  SL103  (0.035%  NaCI, 

K.  =  \2MPaJm ) 


t(s) 

a(mm ) 

K(MPa\[m) 

dal  dt  {mm  1  s) 

118,720 

14.232 

12.14 

5.78e-08 

205,007 

14.232 

12.14 

1 .43e-07 

248,266 

14.239 

12.14 

1 ,95e-07 

272,760 

14.239 

12.14 

1.84e-07 

329,032 

14.264 

12.09 

2.95e-07 

364,114 

14.271 

12.09 

3.69e-07 

415,176 

14.277 

12.10 

5.01  e-07 

443,965 

14.307 

12.12 

5.30e-07 

537,240 

14.366 

12.23 

6.18e-07 

590,808 

14.422 

12.28 

4.86e-07 

626,317 

14.437 

12.29 

3.64e-07 

674,971 

14.438 

12.29 

2.61  e-07 

715,398 

14.445 

12.22 

1.85e-07 

761,049 

14.445 

12.22 

2.63e-07 

798,090 

14.460 

12.23 

3.07e-07 

846,064 

14.479 

12.24 

3.49e-07 

893,803 

14.511 

12.34 

3.14e-07 

933,507 

14.511 

12.34 

2.27e-07 

969,348 

14.523 

12.35 

3.28e-07 

1.02028e+06 

14.523 

12.27 

3.54e-07 

1.05000e+06 

14.523 

12.27 

4.60e-07 

1.1 2791  e+06 

14.616 

12.34 

6.04e-07 

1.2281 1e+06 

14.649 

12.36 

1.1 1e-06 

1.29834e+06 

14.650 

12.37 

1.17e-06 

1  38725e+06 

15.024 

12.64 

1  51e-06 

1.48588e+06 

15.049 

12.66 

1 ,66e-06 

1.57951 e+06 

15.078 

12.68 

1.58e-06 

1.65755e+06 

15.479 

12.98 

1 ,24e-06 

1.83964e+06 

15.586 

13.06 

1.05e-06 

2.0551 6e+06 

15.680 

12.98 

6.43e-07 

2.23396e+06 

15.768 

13.12 

3.93e-07 

2.51083e+06 

15.802 

13.15 

3.83e-07 

2.69340e+06 

15.835 

13.18 

3.69e-07 

2.95425e+06 

16.078 

13.45 

3.31e-07 

3.2981 3e+06 

16.158 

13.51 

4.05e-07 
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3.98844e+06 

4.84388e+06 

6.05492e+06 


16.291 

17.090 

18.280 


13.53 

14.19 

15.16 


6.02e-07 
8.45e-07 
1 . 1 9e-06 


Kj=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B32.  Stress  Corrosion  Experimental  Data  for  Specimen  SL104  (0.035%  NaCI, 

K,  =  \AMPa4m) 


t(s) 

a(mm ) 

K(MPayfm) 

da/ dt(mm/ 5) 

37,127 

14.358 

13.22 

1 .06e-05 

72,909 

14.678 

13.39 

1.07e-05 

99,262 

15.081 

13.71 

1 ,08e-05 

121,334 

15.883 

14.37 

1.21e-05 

158,401 

15.947 

14.34 

9.65e-06 

207,516 

16.290 

14.71 

4.81  e-06 

250,054 

16.291 

14.63 

3.10e-06 

275,723 

16.291 

14.63 

2.94e-06 

330,935 

16.434 

14.76 

2.41  e-06 

366,725 

16.733 

14.93 

2.55e-06 

417,056 

16.742 

15.03 

2.31  e-06 

446,599 

16.747 

15.03 

1.90e-06 

539,069 

16.892 

15.07 

1.08e-06 

628,123 

17.044 

15.21 

1.04e-06 

717,298 

17.061 

15.23 

9.96e-07 

799,875 

17.119 

15  28 

9.49e-07 

848,672 

17.192 

15.35 

9.43e-07 

895,693 

17.276 

15.42 

7.52e-07 

936,050 

17.276 

15.42 

6.77e-07 

971 ,304 

17.294 

15.44 

5  18e-07 

1.02289e+06 

17.294 

15.44 

4  37e-07 

1.05194e+06 

17.331 

15.47 

5.50e-07 

1.13069e+06 

17.348 

15.49 

8.42e-07 

1.22997e+06 

17.503 

15.63 

1.08e-06 

1.301 16e+06 

17.570 

15.70 

1.1 1e-06 

1.38909e+06 

17.698 

15.73 

1  09e-06 

1.48860e+06 

17.794 

15.82 

1 ,08e-06 

1.58132e+06 

17.881 

15.90 

1 ,05e-06 

1  66032e+06 

17.905 

15.92 

9.57e-07 

1.84164e+06 

18.226 

16.14 

1.21  e-06 

2.05780e+06 

18.279 

16.10 

1  43e-06 

2.23570e+06 

18.823 

16.65 

1 ,38e-06 
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2.51356e+06 
2.69530e+06 
2.95697e+06 
3.29999e+06 
3.991 15e+06 


19.294 

19.393 

19.460 

19.995 

20.640 


17.14 

17.25 

17.32 

17.93 

18.47 


1.27e-06 

1.26e-06 

1.15e-06 

9.94e-07 

6.86e-07 


Ki=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B33.  Stress  Corrosion  Experimental  Data  for  Specimen  SL105  (0.035%  NaCI, 

K,  =  mPaJm ) 


t{s) 

a(mm ) 

K(MPayfm) 

dal  dt{mml  s) 

36,130 

14.490 

7.88 

9.36e-10 

72,246 

14.491 

7.88 

4.64e-09 

98,538 

14.491 

7.88 

7.34e-09 

330,217 

14.495 

7.88 

3.13e-08 

365,728 

14.495 

7.88 

2.52e-07 

416,276 

14.499 

7.89 

7.91  e-07 

445,589 

14.499 

7.89 

9.59e-07 

538,428 

14.571 

7.84 

5.86e-06 

592,430 

14.780 

7.94 

9.13e-06 

627,414 

15.609 

8.25 

9.05e-06 

676,606 

16.072 

8.48 

9.13e-06 

716,571 

16.613 

8.75 

7.79e-06 

762,615 

16.703 

8.71 

4.79e-06 

799,191 

16.753 

8.74 

3.65e-06 

847,722 

16.864 

8.80 

2.57e-06 

894,876 

17.014 

8.88 

2.38e-06 

935,085 

17.181 

8.96 

3.84e-06 

970,466 

17.229 

8.99 

4.76e-06 

1.02184e+06 

17.251 

9.00 

7.77e-06 

1.05126e+06 

17.890 

9.35 

9.98e-06 

1.12960e+06 

18.458 

9.59 

1.42e-05 

1  22922e+06 

21.2000 

11.31 

1.23e-05 

1.29997e+06 

21.781 

11.77 

9.15e-06 

1 ,38834e+06 

21.995 

11.83 

5.81  e-06 

1.48744e+06 

22.049 

11.87 

1.75e-06 

1.58062e+06 

22.128 

11.94 

9.55e-07 

1.65927e+06 

22.151 

11.96 

7.85e-07 

1.84091e+06 

22.310 

12.09 

1 .45e-06 

2.05677e+06 

22.623 

12.12 

3.71  e-06 

2.23498e+06 

23.064 

12.38 

4.52e-06 

2.51300e+06 

26.459 

15.78 

4.91e-06 

2.69462e+06 

26.740 

15.84 

5.21  e-06 

2.95592e+06 

27.271 

16.27 

4.77e-06 

3.29930e+06 

28.613 

17.11 

4.19e-06 

3.9901 6e+06 

31.898 

22.02 

3.02e-06 

Kr  Initial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B34.  Stress  Corrosion  Experimental  Data  for  Specimen  SL106  (0.035%  NaCI, 

K,  =  6MPa4m ) 

t(s) 

a{mm ) 

K(MPayfa) 

dal  dt(mml .s') 

2.6936e+06 

14.093 

5.95 

5.44e-08 

2.9547e+06 

14.129 

6.03 

4.91e-08 

3.2981e+06 

14.164 

5.97 

4.20e-08 

3.9889e+06 

14.179 

5.98 

2.78e-08 

4.8441e+06 

14.159 

5.97 

1  24e-08 

6.0552e+06 

14.176 

5.98 

2.77e-08 

6.5733e+06 

14.176 

5.98 

3.84e-08 

8.371 8e+06 

14.292 

6.16 

9.47e-08 

8.4521e+06 

14.308 

6.17 

1.32e-07 

8  4919e+06 

14.315 

6.17 

7.86e-08 

8.5352e+06 

14.330 

6.18 

8.24e-08 

9.921 7e+06 

14.312 

6.32 

1.02e-08 

1.0180e+07 

14.310 

6.32 

1.19e-08 

1.0902e+07 

14.330 

5.95 

1 ,64e-08 

1.1086e+07 

14.332 

5.96 

1.40e-08 

1.1511e+07 

14.343 

5.96 

8  20e-09 

1.1990e+07 

14.344 

6.04 

1.48e-09 

1.2289e+07 

14.336 

6.18 

1.18e-09 

1.5908e+07 

14.336 

6.33 

1.01e-08 

1.6010e+07 

14.333 

6.33 

3.69e-08 

1.61 18e+07 

14.344 

6.41 

5.03e-08 

1.6617e+07 

14.353 

6.41 

7.98e-08 

1.7484e+07 

14.464 

6.45 

5.76e-08 

1.9783e+07 

14.503 

8.34 

8.39e-08 

1.9925e+07 

14.524 

8.87 

2.05e-07 

2.0058e+07 

14.533 

9.25 

1.84e-07 

2.0110e+07 

14.587 

9.73 

1.63e-07 

2.0258e+07 

14.587 

10.41 

1.57e-07 

2.0304e+07 

14.596 

10.87 

1.47e-07 

2.0463e+07 

14.602 

11.32 

9.69e-08 

2.0645e+07 

14.641 

11.73 

9.02e-08 

2.0726e+07 

14.649 

12.26 

9  23e-08 

2.0897e+07 

14.649 

12.79 

1.16e-07 

2.1273e+07 

14.649 

13.32 

2.98e-07 

2.1277e+07 

14.700 

13.89 

2  71  e-07 
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2.1366e+07 

14.781 

14.33 

3  63e-07 

2.1543e+07 

14.798 

14.50 

6.41  e-07 

2.1625e+07 

14.823 

14.98 

7.56e-07 

2.1773e+07 

14.952 

15.09 

6.91  e-07 

2.1839e+07 

15.060 

16.35 

6.59e-07 

2 1973e+07 

15.087 

16.99 

1.95e-07 

2.2147e+07 

15.090 

17.23 

1.85e-07 

2.2565e+07 

15.255 

18.34 

6.39e-07 

2.2727e+07 

15.255 

18.73 

8.45e-07 

2.3026e+07 

15.686 

19.60 

1.22e-06 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B35.  Stress  Corrosion  Experimental  Data  for  Specimen  SL114  (0.01%  NaCI, 

K,  =  SMPaJm  ) 

t(s) 

a(mm) 

K(MPayfm) 

dal  dt  (mm  1  s) 

1.0084e+06 

14.101 

8.02 

1.988e-08 

1.5303e+06 

14.108 

8.03 

1.883e-07 

1.6307e+06 

14.150 

8.05 

2.856e-07 

1.7886e+06 

14.199 

8  07 

3.425e-07 

1.9009e+06 

14.226 

8.08 

3  418e-07 

2.0467e+06 

14.326 

8.06 

2  429e-07 

2.1640e+06 

14.343 

8.14 

1 ,532e-07 

2.2469e+06 

14.332 

8.13 

1.552e-07 

2.3358e+06 

14.326 

8.21 

1.511e-07 

2.4268e+06 

14.341 

8.14 

1.101e-07 

2.501 0e+06 

14.383 

8.16 

1.291e-07 

2.51 1 1e+06 

14.383 

8.23 

1.597e-07 

2.6951  e+06 

14.380 

8.16 

4.039e-08 

2.9520e+06 

14.378 

8.16 

3.054e-09 

3.1 195e+06 

14.377 

8.16 

2.451e-08 

3.2879e+06 

14.381 

8.17 

3.684e-08 

3.5988e+06 

14.397 

8.09 

5.477e-08 

3.8983e+06 

14.440 

8.19 

5.779e-08 

4  2409e+06 

14.440 

8.19 

5.845e-08 

4  6710e+06 

14.455 

8.20 

6.618e-08 

6.2331  e+06 

14.586 

8.26 

8.423e-08 

7.1713e+06 

14.698 

8.31 

8.425e-08 

7.5163e+06 

14.691 

8.31 

5.859e-08 

7.6188e+06 

14.706 

8.31 

6.561e-08 

7.7263e+06 

14.714 

8.39 

4.580e-08 

8.2262e+06 

14.724 

840 

5.366e-08 

9.0933e+06 

14.785 

8.42 

5.129e-08 

1.1249e+07 

14.866 

9.01 

7.770e-08 

1.1302e+07 

14.881 

9.48 

9.536e-08 

1.1348e+07 

14.958 

10.07 

2.133e-07 

1.1392e+07 

14.958 

10.46 

3.945e-07 

1.1533e+07 

14.966 

10.93 

2.653e-07 

1.1667e+07 

14  974 

11.32 

4.289e-07 

1  1718e+07 

15  000 

11.81 

3.517e-07 

1.1867e+07 

15.145 

12.61 

3.377e-07 
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1.1912e+07 

15.145 

13.01 

4.078e-07 

1 ,2072e+07 

15.145 

13.48 

1.680e-07 

1.2254e+07 

15.145 

13.95 

1.859e-08 

1.2334e+07 

15.155 

14.51 

3.774e-08 

1.2505e+07 

15.155 

14.67 

6.846e-08 

1.2885e+07 

15.167 

15.70 

2.089e-07 

1 ,2974e+07 

15.242 

16.80 

2.035e-07 

1.3151e+07 

15.263 

17.21 

3.638e-07 

1.3234e+07 

15.296 

17.88 

5.215e-07 

1.3381e+07 

15.312 

18.37 

6.556e-07 

1.3447e+07 

15.437 

19.07 

7.167e-07 

1.3576e+07 

15.582 

19.63 

7.445e-07 

1.3755e+07 

15.705 

20.26 

6.297e-07 

1 ,3904e+07 

15.761 

20.65 

3.862e-07 

1.4173e+07 

15.781 

21.17 

3.879e-07 

1 .4336e+07 

15.791 

21.67 

6.745e-07 

1.4634e+07 

15.811 

22.02 

1 . 1 98e-06 

1.5723e+07 

18.412 

24.77 

3.1 12e-06 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B36.  Stress  Corrosion  Experimental  Data  for  Specimen  SL115  (0.01%  NaCI, 

K,  =  \0MPchfm ) 

t(s) 

a(mm) 

K(MPa-Jm) 

dal  dt{mml  s) 

419,236 

14.240 

10  18 

1.365e-08 

513,408 

14.249 

10.18 

2.232e-08 

747,822 

14.248 

10.18 

2.573e-08 

843,947 

14  239 

10.17 

2.024e-08 

1.0081e+06 

14.239 

10.17 

3.537e-08 

1.5302e+06 

14.298 

10.21 

1.208e-07 

1.6302e+06 

14.297 

10.21 

1.614e-07 

1.7885e+06 

14.318 

10.22 

1.710e-07 

1.9002e+06 

14.344 

10.24 

1.925e-07 

2.0465e+06 

14.394 

10.19 

1.902e-07 

2.1635e+06 

14.394 

10.19 

1.553e-07 

2.2467e+06 

14.428 

10.29 

1.435e-07 

2.3352e+06 

14.422 

10.28 

2.308e-07 

2.4265e+06 

14.432 

10.29 

2.409e-07 

2.5004e+06 

14.450 

10.30 

2.369e-07 

2.5109e+06 

14.514 

10.11 

3.053e-07 

2.6909e+06 

14.521 

10.11 

2.688e-07 

2.9518e+06 

14.589 

10.15 

2.378e-07 

3.1 189e+06 

14.626 

10  10 

1.811e-07 

3.2876e+06 

14.696 

10.22 

1.846e-07 

3.5980e+06 

14.712 

10.15 

1.514e-07 

3.8982e+06 

14.710 

10  23 

1  569e-07 

4.2403e+06 

14.797 

10.28 

1.715e-07 

4.6708e+06 

14.911 

10.43 

2  073e-07 

6.2329e+06 

15.273 

1049 

2.753e-07 

7.1710e+06 

15.537 

10.73 

3.065e-07 

7.5157e+06 

15.697 

10.75 

2.359e-07 

7.6187e+06 

15.679 

10  74 

1.868e-07 

7.7257e+06 

15.716 

10.76 

1 ,244e-07 

8.2260e+06 

15.747 

10.87 

5.937e-08 

9.0932e+06 

15.782 

10.89 

8 1 1 0e-08 

1.1249e+07 

15.971 

11.42 

1.951e-07 

1.1301e+07 

16.016 

11.87 

3.068e-07 

1.1348e+07 

16.139 

12.54 

7.137e-07 

1.1391e+07 

16.159 

13.06 

9.946e-07 
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1.1533e+07 

16.239 

13.71 

6.930e-07 

1.1666e+07 

16.309 

14.28 

5.01 8e- 07 

1.1718e+07 

16.368 

14.92 

4.257e-07 

1.1867e+07 

16.417 

15.73 

2.81 1e-07 

1.1912e+07 

16.417 

16.32 

2.228e-07 

1.2071e+07 

16.417 

16.84 

9.325e-08 

1.2253e+07 

16.427 

17.36 

7.657e-08 

1.2334e+07 

16.427 

18.21 

9.260e-08 

1.2505e+07 

16.470 

18.85 

1 .267e-07 

1.2881e+07 

16.514 

19.59 

2.014e-07 

Krlnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B37.  Stress  Corrosion  Experimental  Data  for  Specimen  SL116  (0.01%  NaCI, 

K,  =  \2MPa-Jm ) 


t{s) 

a(mm) 

K(MPayfm) 

dal  dt(mml  s) 

845,038 

14.033 

12.14 

9.619e-08 

1.0087e+06 

14.032 

12.14 

1.326e-07 

1.5304e+06 

14.140 

12.21 

2.490e-07 

1.6313e+06 

14.157 

12.22 

3.193e-07 

1.7887e+06 

14.224 

12.27 

5.613e-07 

1.9015e+06 

14.245 

12.29 

6.729e-07 

2.0469e+06 

14.335 

12.35 

7.691e-07 

2.1645e+06 

14.553 

12.51 

7.387e-07 

2.2471 e+06 

14.599 

12.62 

6.514e-07 

2.3363e+06 

14.591 

12.61 

4.740e-07 

2.4270e+06 

14.655 

12.51 

3.735e-07 

2.5014e+06 

14.672 

12.67 

3.297e-07 

2.51 12e+06 

14.688 

12.61 

3.961  e-07 

2.6525e+06 

14.734 

12.64 

2  237e-07 

2.9522e+06 

14.782 

12.60 

2.821e-07 

3.1202e+06 

14.821 

12.63 

3.104e-07 

3.2881e+06 

14.915 

12.78 

3  274e-07 

3.5995e+06 

15.015 

12.47 

3.584e-07 

3  8985e+06 

15.150 

12.88 

3.246e-07 

4.2414e+06 

15.239 

13.02 

2  979e-07 

4.671 2e+06 

15.295 

13.06 

3.067e-07 

6.2334e+06 

15  898 

13.45 

4.200e-07 

7.171 1e+06 

16.349 

13.81 

4.683e-07 

7.5170e+06 

16.494 

13.93 

3.238e-07 

7  6188e+06 

16  531 

13.96 

4.285e-07 

7.7270e+06 

16.548 

13.98 

4.432e-07 

8.2261  e+06 

16.588 

14.01 

4.271  e-07 

9.0933e+06 

17.217 

14.46 

3.482e-07 

1.1250e+07 

17.493 

16.01 

1.179e-07 

1.1302e+07 

17.532 

16.57 

1 ,020e-07 

1.1349e+07 

17.764 

17.78 

9.941  e-07 

1.1392e+07 

17.805 

18.36 

1.675e-06 

1.1534e+07 

17.938 

19.05 

7.677e-07 

1.1667e+07 

17.938 

19.50 

3.442e-07 

1.1719e+07 

17.949 

20.32 

4.793e-07 
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1.1867e+07 

1.1913e+07 

1.2072e+07 

1.2254e+07 

1.2334e+07 

1.2505e+07 


17.952 

18.038 

18.223 

18.333 

18.696 

19.149 


20.86 
21.33 
22.40 
23.01 
24.28 
24  88 


5.453e-07 

7.017e-07 

1.308e-06 

2.108e-06 

2.459e-06 

3.209e-06 


K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B38.  Stress  Corrosion  Experimental  Data  for  Specimen  SL70  (0.01%  NaCI, 


Kt=\mPaJm) 

t(s) 

a(mm) 

K  (MPa  4m) 

dal  dl  (mm/ s ) 

1 .65567e+06 

14.051 

10.14 

7.83e-08 

1.69815e+06 

14  058 

10.00 

6  57e-08 

1 ,74479e+06 

14.058 

10.15 

5.18e-08 

1.78665e+06 

14.061 

10.22 

3.93e-08 

1.83338e+06 

14  061 

10.22 

2.51  e-08 

1 .87338e+06 

14.062 

10.15 

2.80e-08 

2.00841e+06 

14.062 

10.22 

1.69e-07 

2.04474e+06 

14.074 

10.08 

1.88e-07 

2.091 63e+06 

14.080 

10.23 

1.91e-07 

2.1 3671  e+06 

14.104 

10.18 

1.96e-07 

2.18176e+06 

14.106 

10.18 

1.60e-07 

2.22172e+06 

14.107 

10.18 

1 . 1 2e-07 

2  26442e+06 

14.111 

10.25 

1.62e-07 

2.391 13e+06 

14.119 

10.11 

1.36e-07 

2.87469e+06 

14.198 

10.53 

8.17e-08 

3.47838e+06 

14.197 

10.45 

3.97e-08 

3.95263e+06 

14.201 

10.45 

2.05e-08 

4.05431  e+06 

14.224 

10.47 

4.81e-08 

4.2961 6e+06 

14.231 

10.40 

7.33e-08 

4.37936e+06 

14.231 

10  40 

7.97e-08 

4.841 69e+06 

14.270 

10.42 

1.16e-07 

5.271 27e+06 

14.35 

10.47 

1.90e-07 

5.68349e+06 

14  401 

10  43 

2.29e-07 

6.54002e+06 

14.745 

10.64 

2.68e-07 

6.71307e+06 

14  766 

10.65 

2.60e-07 

7.19105e+06 

14.802 

10  75 

2.1 1e-07 

7.42569e+06 

14.946 

10.92 

3.30e-07 

7.61823e+06 

14.967 

10.93 

3.61e-07 

7.86259e+06 

14  988 

10.94 

4.52e-07 

8.22431  e+06 

15.315 

11.23 

4.91e-07 

8.57473e+06 

15.414 

11.30 

4  90e-07 

8.95977e+06 

15.773 

11.46 

4.42e-07 

9.59604e+06 

15.783 

11.46 

2.89e-07 

9.95264e+06 

15.970 

11.59 

2.40e-07 

1.04345e+07 

16.077 

11.66 

2.03e-07 
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1.07767e+07 
1.09641e+07 
1.1 121 1e+07 
1.13146e+07 
1.14648e+07 


16.080 

16.143 

16.161 

16.249 

16.413 


11.67 

11.71 

11.72 
11.78 
11.90 


1.92e-07 

3.39e-07 

3.97e-07 

4.70e-07 

5.26e-07 


K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load, 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B39.  Stress  Corrosion  Experimental  Data  for  Specimen  SL83  (0.01%  NaCI, 

K,=\5MPay[m) 


t(s) 

a(mm ) 

K(MPayfm) 

dal  s) 

524,926 

14  008 

14.87 

7.16e-08 

626,672 

14.008 

14.87 

1.19e-07 

1 . 1 0308e+06 

14.008 

14.73 

7.51e-07 

1.19523e+06 

14  220 

14.98 

7.48e-07 

1.29659e+06 

14.239 

15.07 

8.98e-07 

1.36156e+06 

14.254 

15.09 

5.54e-07 

1 ,44707e+06 

14.393 

14.92 

5.00e-07 

1.89685e+06 

14.475 

15.28 

1.93e-07 

2.60458e+06 

14.489 

15.29 

9.92e-08 

3.12444e+06 

14.508 

15.31 

3.17e-07 

3.86747e+06 

14.684 

15.40 

6  61e-07 

4.93626e+06 

16.160 

16.71 

8.79e-07 

6.921 7e+06 

17.639 

18.06 

7.24e-07 

1.16635e+07 

20.160 

20.73 

3.52e-07 

K,=lnitial  stress  intensity  factor  at  the  start  of  the  test; 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B40.  Incremental  load  experiment  for  the  determination  of  K,scc  (Specimen 

SL92,  3.5%  NaCI,  dPIdt  =  IMe-ANIs) 


t(s) 

a(mm) 

K(MPayfm) 

dal  dtimml  s) 

0 

14.360 

1.54 

0 

1.79735e+06 

14.360 

4.34 

0 

1.88072e+06 

14.367 

4.49 

2.49e-07 

1.96340e+06 

14.382 

4.65 

3.43e-07 

2.05722e+06 

14.461 

4.82 

3.40e-07 

2.14388e+06 

14.464 

4.97 

2.78e-06 

2.24535e+06 

14.477 

5.12 

5.01e-06 

2.31094e+06 

15.577 

5.46 

5.24e-06 

2.39976e+06 

15.838 

5.54 

4.58e-06 

2.50844e+06 

16.109 

5.63 

3.77e-06 

P=applied  load 
dP/dt=rate  of  applied  load 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 


Table  B41.  Incremental  load  experiment  for  the  determination  of  Klscc  (Specimen 

SL93,  0.1%  NaCI,  dP/dt  =  2~2Je-4N/s) 


t(s) 

a(mm) 

K(MPayfm) 

dal  dt(mml  s) 

1.03905e+06 

14.569 

1.08 

0 

4.48388e+06 

14.569 

6.20 

0 

4.5751 5e+06 

14.607 

6.37 

4.23e-07 

4  67168e+06 

14.618 

6.45 

4.49e-07 

4  74997e+06 

14.730 

6.57 

5.62e-07 

5.19993e+06 

14.742 

6.72 

3.88e-06 

5.27081e+06 

15.947 

7.38 

4.57e-06 

P=applied  load 
dP/dt=rate  of  applied  load 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B42.  Incremental  load  experiment  for  the  determination  of  KISCC  (Specimen 

SL94,  0.35%  NaCI,  dP/dt  =  2.26e-4W/s) 


t(s) 

a(mm) 

K(MPayfm) 

dal  dt(mml  s) 

950,908 

14.15 

1.07 

0 

3.1 9821  e+06 

14.15 

4.01 

0 

3.28797e+06 

14.684 

4.21 

5.94e-06 

3.45495e+06 

15.104 

4.32 

2.52e-06 

P=applied  load 
dP/dt=rate  of  applied  load 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 

Table  B43.  Incremental  load  experiment  for  the  determination  of  Klscc  (Specimen 

SL95, 1.0%  NaCI,  dP/dt  =  2.\9e-4NI  s) 

t(s ) 

a(mm) 

K(MPayfm) 

da/dt(mm/ s) 

0 

14.064 

1.52 

0 

2.07339e+06 

14.064 

4.45 

0 

2.16806e+06 

14.100 

4.60 

3.80e-07 

2.31080e+06 

14.222 

4.78 

8.55e-07 

2.421 96e+06 

14.788 

4.95 

5.09e-06 

P=applied  load 
dP/dt=rate  of  applied  load 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load, 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 


- 190- 


Table  B44.  Incremental  load  experiment  for  the  determination  of  KISCC  (Specimen 

SL96,  0.035%  NaCI,  dP/dt.  =  2.24<?-4Ar/s) 


t{s) 

a(mm) 

K(MPayfm) 

dal  dt(m  ml  s) 

80,828 

13.835 

1.15 

0 

3.45584e+06 

13.835 

7.54 

0 

3  53601 e+06 

13.839 

7.76 

4.99e-08 

3.621 16e+06 

13.858 

8.06 

2.23e-07 

3.70496e+06 

13.866 

8.06 

9.55e-08 

4.05658e+06 

13  872 

9.36 

1.71e-08 

4.31201e+06 

13.883 

10.4 

4.31  e-08 

P=applied  load 
dP/dt=rate  of  applied  load 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 


Table  B45.  Incremental  load  experiment  for  the  determination  of  Klscc  (Specimen 

SL97,  0.7%  NaCI,  dPldt  =  2.25g-4AT/j) 


t{s) 

a  (mm) 

K(MPaJm) 

dal  dt(mmls) 

0 

14.486 

1.05 

0 

1.80702e+06 

14.486 

4.05 

0 

1.89614e+06 

14.523 

4.21 

4.04e-07 

1  99526e+06 

14.572 

4.37 

5.04e-07 

2.061 05e+06 

14.598 

4.53 

3.95e-07 

2.15572e+06 

14.604 

4.68 

5.28e-08 

2.24590e+06 

14.634 

4  84 

3.44e-07 

P=applied  load 
dP/dt=rate  of  applied  load 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor; 
da/dt=crack  growth  rate. 
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Table  B46.  Incremental  load  experiment  for  the  determination  of  KIS(X  (Specimen 

SL98,  5.0%  NaCI,  dP/dt  =  2.24e-4N/s) 


as) 

a  (mm) 

K(MPayfm) 

dal  dt(mm/ s) 

0 

13.915 

1.80 

0 

1.56677e+06 

13.915 

4.26 

0 

1  65207e+06 

13.931 

4.41 

1.99e-07 

1.74066e+06 

14.020 

4.43 

9.93e-07 

1.90568e+06 

14.326 

4.73 

1.86e-06 

2.08674e+06 

14.360 

4.82 

1.82e-07 

2.17779e+06 

14.360 

4.82 

0 

2.25424e+06 

14  380 

4.82 

2.62e-07 

2.33831 e+06 

14.399 

4.83 

2.26e-07 

2.51506e+06 

14425 

4.83 

1.53e-07 

2.60848e+06 

14  572 

5.03 

1.56e-06 

P=applied  load 
dP/dt=rate  of  applied  load 
t=time  in  second; 

a=crack  length  measured  from  the  line  of  action  of  the  external  load; 
K=applied  stress  intensity  factor, 
da/dt=crack  growth  rate. 
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